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Abstract 
  In most of the tribological experiments studying friction and wear behaviour, the contact 
interface is hidden. The present work attempts to overcome this hidden-interface problem by 
carrying out real-time tribological experiments inside Transmission Electron Microscope 
(TEM). This is achieved by developing an in situ TEM triboprobe which can carry out 
nanoscale indentation, sliding and reciprocating tests on an electron transparent sample inside 
TEM. 
 A novel in situ TEM triboprobe is developed by characterising the individual components 
involved in the development. Coarse positioning of a sharp probe is achieved using inertial 
sliders. Fine motion of the probe is controlled using a 4-quadrant tube piezoceramic. This 
triboprobe is capable of carrying out high stiffness tribological experiments inside TEM. The 
interface is viewed at high resolutions in real time during the experiments using a movie rate 
CCD camera. 
 In indentation experiments a sharp probe is brought into contact with the sample surface. 
During indentation of Aluminium alloy tribolayer, it has been observed that the cracks 
originate from subsurface and propagate to the surface causing delamination-like material 
removal. Indentation experiments on protruding silicon particle in Aluminium-Silicon (Al-Si) 
alloy shows that initial deformation is elastic. Once the load is increased, the particle starts 
indenting the soft aluminum matrix, and results in sinking of the particle into the aluminium 
matrix. Once the particle starts sinking, the increase in the displacement causes the 
generation of a crack and the propagation of this crack results in the fracture of the particle. 
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 The sliding experiments inside TEM allowed the direct visualization of asperity level 
interaction during sliding. The preliminary experimental results of nanoscale sliding 
experiments carried out using an AFM tip as the sample. The adhesive instability is observed 
as snap-in and snap-out events. The snap-out distance seems to depend on the local geometry 
of the contact. 
 To simulate reciprocating wear, a sharp diamond probe is brought into contact with Al-Si 
alloy and reciprocated sinusoidally at 0.5Hz. At lower loads no wear is observed. However, 
when the normal load is increased, material starts getting removed in thin slivers, and most of 
the wear debris generated get swept away from the track. Some wear debris get entrapped in 
between the sliding surfaces; subsequently they join to form larger wear particles. The 
trapped particles generated during the test act like rollers and a significant increase in the 
stroke-length is observed accompanying the rolling action of the particle. The phenomena 
like agglomeration and dissociation of the wear particles has also been observed. 
 Repeated deformation of the trapped particles leads to the formation of tiny liquid drop 
on some of the wear debris. The liquid consists of gallium which comes from the sample 
preparation technique. The interaction between the liquid droplets has been studied by 
carrying out liquid-bridge pulling experiments. Liquid gallium gets cooled with time during 
tensile pulling of the droplets.  A nano-filament is formed between the droplets during 
pulling. After some time, the droplet gets solidified and coalescence of droplets does not take 
place. Further frictional heating was necessary to form the bridge again. 
 The in situ TEM triboprobe, which allow the tribological processes to be observed 
dynamically under high resolutions, is a power full tool in detecting fundamental tribological 
interactions.  
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Chapter 1 
1. Introduction 
1.1 Background 
 ‘Tribology’ is the word derived from the Greek word ‘tribos’ meaning rubbing, and 
‘logos’ meaning study, so the literal translation would be “the study of rubbing”. Tribology is 
defined as “the science and technology of interacting surfaces in relative motion and related 
subjects and practices” [1]. Interacting surfaces in relative motion occur in day-to-day 
activities, starting from writing on paper to moving machine components.  Without 
interacting surfaces in relative motion, that is, surfaces rolling or sliding against each other, 
life would be impossible. The phenomena associated with surfaces in contact and relative 
motion form the basis for tribological research.  
 The constituent parts of tribology- friction, wear and lubrication have been with us since 
time immemorial. Friction is a force that resists the relative motion between two surfaces in 
contact. Friction between the moving surfaces results in the progressive removal of material 
called as ‘wear’. The invention of wheel (around 3500BC) illustrates man’s concern with 
reducing friction in translatory motion. The importance of controlling friction and wear has 
been realized since the time of construction of pyramids. Figure 1.1 shows the use of sledge 
to transport heavy statue by Egyptian circa in1880BC [1]. In this transportation, 172 slaves 
are being used to drag a large statue weighing about 600kN along a wooden track. One man,
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on the front of the sledge, is seen pouring liquid on to the track which would reduce the 
sliding friction and wear of the contacting surfaces. 
 
Figure 1.1: Transporting an Egyptian statue [1] 
 In many applications such as operations of engines, equipped with bearings and gears, 
friction is undesirable because the moving parts of the machine undergo unnecessary wear 
and tear. Heat generated during rubbing affects the working and performance of the machine. 
From the engineering perspective, the energy expended in overcoming friction and dissipated 
in the form of heat is a waste, since no useful work is accomplished by it. This wasted energy 
is a major cause of excessive heating and premature failure of components. 
 Friction and wear are not always disadvantageous. Engineering applications like brakes, 
clutches, driving wheels of trains and cars operate based on friction, while the components 
like nuts and bolts work because of friction between two. The tribology problems are not 
confined to machines we use, they also have profound influences on day today activities of 
life. Cleaning of teeth is a controlled wear process where we wish to avoid wear of enamel 
while wearing out unwanted films. Even our ability to walk is dependent on the appropriate 
friction. 
 In the modern world it is estimated that, one-third of the world’s energy production is 
used to overcome the friction in some form or other [2]. This is an enormous amount of 
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energy, and one need to think of saving at least part of this energy. In the practical world, 
there is enormous prevalence of tribological contacts in machinery that the small savings on 
each contact can add up to significant sums for word as a whole.  For these reasons the study 
of tribology is very important. 
 In almost all industrial situations the wear effects are more critical than the frictional 
losses, because they tend to have greater economic consequences. Higher friction can be 
tolerated, if it results only in slightly higher running costs, provided there are consequent 
savings by increased wear-life of the machine. Savings by improvements of the life of 
machinery also have economic advantages that they are deflationary, a particularly attractive 
feature in these days of inflation. The purpose of research in tribology is the minimization 
and elimination of losses resulting from friction and wear at all levels of technology where 
the rubbing of surfaces is involved through structure, material selection and lubrication. 
 Traditionally, tribology has often focused on measuring friction coefficients and wear 
rates of material for specific conditions. Both the friction and wear are not the intrinsic 
property of the material; rather it depends on specific environment conditions (temperature, 
gas atmosphere), the sliding velocity, the load, the roughness, third bodies and the cleanliness 
of the surfaces and sliding history of the both the surfaces. Measurements can also be 
affected by the stiffness and dynamics of the tribometer used to carry out the experiments.  
1.2 Nanoscale tribology 
 The important question need to be answered now is ‘why we have to study tribology at 
nanoscale’?  When surfaces come into contact, the contact happens at isolated peaks on the 
surfaces called asperities. There will be wide distribution in the size of asperities, and it will 
Chapter 1                                                                                                                Introduction 
 
4 
 
be varying in many length scales. A variety of phenomena take place in any practical contact. 
These phenomena that affect the way in which the contacts behave are quiet complex. 
Understanding all those phenomena, to the extent that gives a predictive capability, has been 
long standing objective of tribologists. Due to the asperities the real area of contact is always 
less than the apparent area of contact [3], [4]. One has to keep in mind that in macroscopic 
contacts, asperity level contact locations are hidden by the apparent area of contact and so, it 
is usually inaccessible by most of the techniques. Typically, all these phenomena are lumped 
together in either coefficient of friction or coefficient of restitution. Friction is an average 
manifestation of many individual microscopic interactions. Depending on the system, the 
dominant mechanisms and the scale of these interactions will vary. For example, in metallic 
contacts, adhesion and plasticity have been used to explain the friction phenomena [1, 2]. 
The asperity level individual interaction will depend on the local geometry and the material 
behavior. The scale of the asperity will also determine the mechanism of the energy 
dissipation in friction. 
 In macrotribology, tests are conducted on components with relatively large mass under 
heavily loaded conditions [5]. In these tests, wear is inevitable and the bulk properties of 
mating components dominate the tribological performance. In case of macrotribology the 
contact areas are large, but it consists of numerous nanocontacts due to the surface 
roughness. In case of nanotribology the contact occurs at nanometer scale, in this situation 
the surface property of the material dominate the tribological performance. In 
micro/nanotribology, measurements are made on components, with relatively small mass 
under lightly loaded conditions. The micro/nanotribological studies are needed to develop 
fundamental understanding of interfacial phenomena on a small scale and to study interfacial 
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phenomena involving micro/nanoelectromechanical systems (MEMS/NEMS), friction and 
wear processes of ultrathin films and micro/ nanostructures [6]. Although 
micro/nanotribological studies are inevitable in study of ultrathin films and 
micro/nanostructures, these studies are also valuable in fundamental understanding of 
interfacial phenomena in macrostructures to provide a bridge between science and 
engineering [5]. 
1.3 Macroscopic wear studies 
 In the macroscopic wear studies, worn surface and wear debris are studied intermittently 
and interaction taking place at the interface is predicted [7], [8]. The samples used in the tests 
are analysed using microscopes much after the tests have taken place. Although such analysis 
has certainly led to the enormous improvements in our scientific understanding, one has to 
worry that the interfacial region might have changed. The stresses might have relaxed and the 
sample might have strained additionally during sample preparation; hence, it is difficult to 
understand the actual process taking place at the interface by this post-mortem analysis. 
 The macroscopic contact can be illustrated as shown in Figure 1.2. Nothing is ideally 
smooth in this world; every structure has roughness at different length scales, even a mirror 
finished surface has an average roughness of the order of 0.5microns. Engineering surfaces 
have roughness over wide range of length scales. The schematic Figure 1.2 shows the two 
surfaces in contact. As the top surface is moved against the bottom surface, interaction 
between the asperities takes place, at some places the asperities may slide against each other 
(point S) and in some other places the asperities indent with each other (point N). So the 
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macroscopic contact can be summarized as the contact interaction taking place at the asperity 
level. So it is important to study the interaction at the asperity level. 
 
Figure 1.2: Schematic representation of contact at asperity level 
  Asperity level interaction can be studied with the help of microscopes. Atomic force 
microscopes have been used to perform contact measurements and characterize contact 
conditions [9]. However, it has not been possible to “see” the interface. Nanoindentation is 
one more technique with which asperity level interaction can be studied [10]. This is a widely 
used technique to determine the mechanical properties of small volumes like thin films, 
nanostructures etc. In nanoindentation experiments geometrically well characterized asperity 
of a material with known properties (usually diamond) is brought into contact with the 
sample surface. Though these contact experiments (like AFM and nanoindentation) are able 
to carry out the experiments at nanometer scale [11], [12], they are lagging behind to give 
real time microstuctural changes during the interaction. 
1.4 In situ Tribology 
 In spite of 300 years of attention, the reason why we know so little about friction and 
wear process is that “we cannot see what is taking place at the interface during sliding” [13].  
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The main limitation in the conventional tribological studies is that the interface is hidden by 
contacting bodies and the interaction taking place cannot be seen in real time.  So it is 
important to visualize the interface during sliding in real time. The real time studies are 
called as ‘in situ’ studies. Cocks [14] has made an attempt to obtain the detailed 
understanding of the interaction between the sliding surfaces, by observing them under 
optical microscope [Figure 1.3a]. In his experiments a hemispherical copper rider was slid 
against a large slowly-rotating copper drum; it was found that most of the time during sliding 
the drum and rider were held apart by a wedge of displaced metal, formed between them. 
Whenever this wedge broke away from the rider, a new wedge was quickly formed to replace 
it.   
a       b       c  
Figure 1.3: In situ tribology using optical microscopes a) Contact between copper drum and 
copper pin [14] b) Steel pin and Al pin [15] c) steel ball on glass disk [16] 
 The role of wear particles at the sliding interface on the frictional behavior of metals was 
investigated with respect to size and agglomeration characteristics using both pin-on-disk and 
pin on reciprocator tribotesters by Hwang et al. [15]. The wear particle interaction at the 
sliding interface was monitored using a CCD camera [Figure 1.3b]. In this work the influence 
of wear particles on the friction and wear behavior of metals was investigated. The 
instantaneous friction coefficient values during sliding can be correlated to the presence of 
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wear particles at the sliding interface. Friction coefficient can be effectively altered by 
removing the wear particles from the sliding interface or by inserting particles into the 
interface. 
 Instead of viewing the contact from the side, people have tried to view the contact 
directly under the microscope using transparent substrates. A tribometer was constructed by 
Sliney et al. [16] with a steel ball in sliding contact with a glass disc [Figure 1.3c]. Sliding 
contact was viewed in real time and the dynamics of the abrasive particles and solid lubricant 
particles within the contact were observed in detail [16]. Fragmentation of the abrasive 
particles and plastic flow of the solid lubricants were observed. 
 In situ optical approaches, frequently used to study the friction and wear of the materials, 
suffer with the limit of optical resolution. Also this technique cannot be used for all the 
materials; one of the contacting surfaces should be optically transparent.  Generally the 
resolution limit of the optical microscopes is approximately 1µm. The interaction between 
the asperities, as discussed in the previous section 1.3, is in nanometers. So, one has to think 
of other alternative methods to observe the contacts in real time at high resolutions. At this 
instant the microscopes which come to our mind are the electron microscopes, which have 
the resolution limit in the order of nanometers. Scanning Electron Microscope (SEM) and 
Transmission Electron Microscope (TEM) are generally used for observing the materials at 
high resolutions. 
  A SEM is a type of electron microscope that images a sample by scanning it with a high 
energy beam of electrons in a raster-scan pattern. The electrons interact with the sample 
producing signals that contain information about the sample's surface topography and 
composition. Its ability to provide a greater magnification with a greater depth of field, than 
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optical microscope, makes it particularly suitable for use in the study of wear. A pin-on-disk 
wear rig has been constructed by Lim et al. [17] to operate inside the scanning electron 
microscope to allow direct, high magnification, observation of wear as it occurs. Sheet or 
flake-like debris were observed in the wear of high purity copper pins on case-hardened mild 
steel disks [Figure 1.4a] 
a  b  
Figure 1.4: In situ tribology using SEM a) pin on disk wear rig [17] b) Nanoindentation 
scratch stage [18] 
 Rabe et al. [18] developed a miniaturized nanoindentation and nanoscratch device for use 
inside a scanning electron microscope. During the experiment the sample is directly observed 
with sub-micrometer resolution and linked to the simultaneously recorded load–displacement 
data.  The indentation response of nanocomposite TiN/SiNx coatings and indentation and 
scratching of hard diamond-like carbon (DLC) films studied using the set up [Figure 1.4b]. 
 Though the SEM has better resolution than the optical microscope, it can only give the 
surface information but cannot give subsurface information. Any deformation includes both 
surface as well as subsurface changes, and the macroscopic friction or wear is net effect of 
interaction of the asperities which results at surface as well as subsurface [7], [8]. So one 
need to go for the advanced microscope which is TEM, in which both the surface and 
subsurface of an electron transparent sample can be seen at a time. Different analytical 
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techniques employed for the in situ tribology has been listed in table1.1, with examples of 
measurement application, resolution, and limitation. 
Table 1.1 Comparison of different analytical techniques used for the study of in situ tribology. 
Technique Observation capability Resolution Limitations 
Optical microscopy Tribofilm, 
 Wear particles 
~1 μm One of the surfaces should be 
optically transparent, no sub 
surface information 
Scanning Electron 
Microscope (SEM) 
Indentation, scratch, Wear 
particles 
~1nm Subsurface information in real 
time not available 
Transmission Electron 
Microscope (TEM) 
Microstructural transformation 
during indentation sliding and 
reciprocation 
~0.1nm Sample should be electron 
transparent and vacuum 
compatible 
 From the table1.1 it can be seen that TEM could be an ideal tool, which gives both 
surface and subsurface information, for the study of in situ tribology at asperity level. TEM 
has additional advantages like one can use diffraction to determine the crystallographic 
orientation, EDX (Energy-dispersive X-ray spectroscopy) or EELS (Electron Energy Loss 
Spectroscopy) for the chemical composition of the material. The main limitations in case of 
TEM are, the sample should be very thin and electron transparent and it should be vacuum 
compatible. 
1.5 Transmission Electron Microscope (TEM) 
 A TEM works much like a slide projector. A projector shines a beam of light through 
(transmits) the slide, as the light passes through it is affected by the structures and objects on 
the slide. This transmitted beam is then projected onto the viewing screen, forming an 
enlarged image of the slide. TEM works in the same way except that they shine a beam of 
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electrons through the specimen. Electron beam interacts with the specimen and this 
information is carried by the beam which is then processed by the lens system to form an 
image on a phosphor screen.  
 
Figure 1.5: Schematic representation of TEM 
 The Figure 1.5 represents schematic of a TEM. An electron gun placed at the top of the 
microscope produces a stream of monochromatic electrons. The electron beam is then passed 
through a condenser lens, which focuses the beam to a small, thin, coherent beam.  The beam 
strikes the specimen and part of it is transmitted. This transmitted portion is focused by the 
objective lens into an image. The image is then enlarged by passing down the column 
through the intermediate and projector lenses. The image strikes the phosphor image screen 
and light is generated, allowing the user to see the image. The darker areas of the image 
represent those areas of the specimen where fewer electrons were transmitted through 
(specimen is thicker or denser). The lighter areas of the image represent those areas of the 
specimen where more electrons were transmitted through. The whole TEM column is 
maintained under vacuum environment to prevent unwanted scatter of electrons from 
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gaseous molecules, as well as to prevent local deposition of the contaminants in the imaging 
area of the sample. 
 TEM exclusively allows the internal structure and composition of materials to be 
investigated at scales continuously ranging from micrometers to Angstroms. This has 
resulted in TEM becoming a primary tool for characterization of materials at nanoscale and is 
being extensively used in the area of materials science, nanotechnology as well as in 
bioscience. An in situ TEM experiment will help in the better understanding of the materials 
behaviour during indentation or sliding. 
 
Figure 1.6: Schematic of the in situ TEM holder 
 In TEM, the sample is inserted with the help of ‘side entry holder’ or ‘top entry holder’. 
The side entry holder is essentially a straight shaft and the cross section varies from 10mm to 
3mm. The holder helps to hold the sample rigidly under the electron beam and the electron 
transparent region of the sample is imaged using electron beam. To develop an in situ holder 
which can carry out indentation/sliding experiment, one should be able to manipulate the 
relative position of the sharp probe in three-axis with respect to an electron transparent region 
of the sample. This can be achieved in two stages; coarse positioning and fine positioning as 
shown in the Figure 1.6. 
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1.6 In situ TEM 
 The effort for development of in situ TEM contact holder was started in 1970 itself [19]. 
Though it has a long history the progress was sporadic, mostly because of numerous 
engineering challenges in designing these instruments. All the electrical connections and 
movement mechanisms must be incorporated in to the holder. The materials used should be 
high-vacuum compatible, and free from internal magnetism. Magnetic field of the pole pieces 
excludes certain type of actuating and sensing devices which further restricts the choice of 
construction materials. Most importantly very thin portion of the sample holding portion 
(~3mm) requires precision manufacturing capabilities. 
  
Figure 1.7: TEM micrographs of compression of gold crystal carried out by Gane [19] 
  Gane [19] in 1970 reported in situ contact probe designed specifically for E. M. 6 TEM 
instrument which used a piezoceramic bimorph actuator. Using this probe different kinds of 
experiments were carried out like indenting soft material with hard tip, blunting of soft tip 
against hard surface, compressing of soft spheres between hard surfaces (Figure 1.7). The 
still photographs were taken at different intervals as video imaging was not available for 
electron imaging. So, though the experiment can be considered as discontinuous the work 
needs to be appreciated being the first attempt to see the interface at high resolutions in TEM 
during deformation. 
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 Different in situ TEM contact probes were built by different groups recently. Wall et al. 
[20] have described the development of an in situ nanoindenter that uses a piezoceramic 
actuator to indent a specimen using a sharp diamond tip. Sharp diamond tip is mounted onto 
a long, stiff metal rod. Coarse positioning of the indenter tip in all three axes is accomplished 
with manual screw. Fine motion of the tip is controlled in all 3 axes with piezoceramic tube 
and they have carried out indentation experiments on aluminium (Figure 1.8a). Minor et al. 
[21], [22] have measured the force on the indenter by observing the difference in the 
piezoelectric translator’s displacements under no load and loaded conditions. 
a  b   
c  d  
Figure 1.8  a) Still frame from In situ TEM nanoindentation on Aluminium by Wall, M. A. et 
al. [20] b) Gold contact at high resolution by Kizuka, T. et al [23] c) Gold contact by Erts et 
al. [24]. d) Indentation on Cu-Be alloy by Bobji, M.S. et al [26] 
 Kizuka et al. [23] have described the study of atomic-scale contact and non contact 
scanning on gold surfaces by gold tips in time resolved high-resolution transmission electron 
microscopy (HRTEM), using a piezo-driven specimen holder. In the design the coarse 
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displacement is by means of micro-screw motor and fine displacement by means of tube 
piezoceramic. As shown in Figure 1.8b, the gold surface (specimen B) is scanned by means 
of a gold needle (specimen A). The needle for indentation is initially positioned by means of 
a motorized micro screw drive mechanism, then fine positioning by tube piezoceramic. 
 Erts et al. [24] have investigated force interactions between two gold samples using a 
combination of atomic force microscope (AFM) and a transmission electron microscope 
(TEM). The size and shape of the tip and sample, as well as size of contact area and 
interactions type (elastic–plastic) are observed directly. They have reported two different 
designs of TEM-STM as well as an extension with an atomic force microscope (TEM-AFM). 
In the first TEM-STM design, a stepper motor, combined with a one dimensional inertial 
slider, is used as coarse positioner. The advantage of this design is the strong pulling force 
that enabled notched metallic (gold) wires to be broken inside TEM (Figure 1.8c), resulting 
in clean sample surfaces. 
  Bobji et al. [25] developed an in situ indentation stage, with which the deformation 
mechanics of Cu-Be alloy was studied (Figure 1.8d) [26].  This stage uses inertial slider 
based coarse positioning system and 4-quadrant tube piezoceramic as fine positioner. The 
main advantage with this design is the high stiffness which is >1800N/m. The whole compact 
positioning system is inside the vacuum, which helps to improve the stiffness as well as it 
minimizes the vibrations during the experiments. Comparisons of the various parameters 
among the available designs are tabulated in Table 1.2. 
 The designs 1st [20] and 3rd [24] (in the Table 1.2) has been already commercialised by 
Hysitron [27] and Nanofactory [28] respectively. The commercial holders are capable of 
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carrying out indentation and sliding experiments at high resolutions along with measuring the 
force. 
Table 1.2 Comparisons of the various parameters among the available design of TEM probe. 
 Coarse Positioner Fine 
Positioner  
Stiffness  Force 
sensor  
Capabilities  
Wall, M. A. et al, 
[20] 
Manual Screws 
(Outside Vacuum)  
Piezoceramic 
tube  
  Indentation  
Kizuka. T.  et al, 
[23] 
Micro screw  
Motor  
Piezoceramic 
tube  
  Indentation  
Erts , D. et al, 
 [24] 
Geared Stepping 
motor  
Piezoceramic 
tube  
0.03-0.37 N/m   Indentation  
Minor, A. M. et al, 
[22] 
Manual Screws 
(Outside Vacuum 
Piezoceramic 
tube 
 Yes Indentation 
Bobji, M.S. et al  
[25] 
Inertial Slider 
(within Vacuum)  
Piezoceramic 
tube  
>1800N/m  Yes  Indentation 
Current design  Inertial Slider 
(within Vacuum)  
Piezoceramic 
tube  
>1800N/m  With 
and 
without  
Indentation 
Sliding 
Reciprocation  
 Present work focuses on the design and development of a triboprobe, based on Bobji et al 
[25] deign, capable of carrying out indentation, sliding and reciprocation experiments. It is 
desired to have high stiffness to carry out the tribological experiments. If the stiffness is less, 
it can induce adhesive instabilities in the contact experiments at nanoscale [29]. One has to 
consider that, in many practical applications of MEMS/NEMS, along with indentation and 
sliding contacts, reciprocating contacts do occur. So it is important to study the indentation, 
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sliding and reciprocating of the contact at the asperity level for the better understanding of 
the tribology at micro and nanometer scales. 
1.7 Aim and scope of the present work 
 The overall aim of the present research is to develop a high stiffness in situ TEM 
triboprobe which can carry out indentation, sliding, and reciprocation experiments and 
demonstrate its capabilities to understand the micro and nanoscale tribology. 
  Consistent with the primary aim of the thesis, the current research work is categorized as 
follows: 
• Design and development of TEM triboprobe capable of indentation, sliding and 
reciprocation 
• Understand the response of tribolayer and Silicon particle during indentation 
• Study of single asperity interaction in sliding contact 
• Study the mechanics of wear particle formation and its interaction during 
reciprocation 
 Design and development of a complex instrument is a continuous process spanning 
several stages. Additional complication in the case of in situ TEM probes is that it has to fit 
inside the goniometer of the specific model of TEM in which it will be used. The current 
design is developed, based on a previous design [25] developed at Oxford University for 
JEOL2010 and JEOL3010 microscopes.   As the sample holder for JEOL 2000FX TEM 
available at Indian Institute of Science (IISc), is slightly smaller and thinner, the design of the 
in situ holder has to be modified considerably. Improving upon the previous design, 
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capabilities to do sliding and reciprocating experiments were added. The design and 
developmental part is discussed in Chapter 2. 
 As a part of the collaborative UKIERI (UK-India) project, a similar holder (triboprobe-II) 
has been developed and perfected at the University of Sheffield, UK for JEOL 2010 
microscope. The experiments carried out by using both the triboprobes are reported in this 
thesis. The indentation experiments on tribolayer and the sliding experiments with AFM tip 
are carried out using triboprobe-I. Indentation experiments on Si particle and the 
reciprocating experiments on Al-Si alloy are carried out using triboprobe-II. 
 The Indentation experiment results are reported in the Chapter 3.  Indentation on 
aluminum alloy tribolayer has been carried out using tungsten probe and delamination like 
material removal is observed. Indentation on protruding silicon particle shows the crack 
generation within the particle itself, which leads to the fracture of the silicon particle. 
 Sliding experiments were carried out using AFM tip as the sample and the tungsten probe 
as the counter surface. The sliding experiments inside the TEM enabled to visualize the 
interface at high resolutions. The results from the sliding experiments are discussed in 
Chapter4. 
 Chapter 5 reports the results from the reciprocating experiments which are carried out on 
an Al-Si alloy using a diamond probe. The formation of wear particles and its interaction 
with the sliding surfaces during reciprocation has been studied. Increased reciprocations 
resulted in the formation of liquid droplets on the wear debris. 
 Chapter 6 summarises the whole work carried out in this thesis. 
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Chapter 2 
2. Development of TEM Triboprobe 
2.1 Description 
  The TEM triboprobe is a modified TEM holder in which the deformation at submicron 
scale can be introduced on an electron-transparent sample while simultaneously imaging 
using electrons. The triboprobe is similar to the single-tilt TEM holder. The specimen 
holding portion is isolated from the outside atmosphere by means of an O-ring as shown in 
Figure 2.1a. The specimen is fixed rigidly onto the frame with an electron transparent region 
at its edge.  Electron beam comes from the top of the sample (along z-axis) and images the 
specimen, deformation is introduced from the edge on direction (x-axis) to the electron beam 
using a sharp probe as shown in the in Figure 2.1b. The deformation is introduced to the 
sample with the probe and events taking place is captured digitally using a side entry CCD 
camera attached to the TEM. 
a     b  
Figure 2.1: a) Schematic of Transmission electron microscope (TEM) holder b) experimental 
configuration of sharp probe and the sample 
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 This chapter focuses on the experimental methodology developed to carry out dynamic 
nanoscale mechanical experiments inside TEM. Challenges involved in the in situ TEM 
technique and development of the new triboprobe to carry out tribology experiments in side 
TEM are discussed. Characterization of individual components involved in the development 
of the triboprobe, sample and the sharp probe (tip) preparation techniques are explained. 
Finally assembly and characterization of the triboprobe from the individual components and 
the capabilities of the triboprobe to carry out different kind of experiments are discussed. 
Chapter ends with the concluding remarks on the development of triboprobe.  
2.2 Subsystems 
 
Figure 2.2: Schematic of positioning system 
 To introduce mechanical deformation on the thin sample, the main task is to bring the 
sharp probe near the sample in all three axes. To prevent the damage from accidental impact 
and vibration while handling the sharp probe and sample, the separation between them will 
be at least couple of millimeters at the time of sample mounting. Once the triboprobe is 
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inserted inside TEM and under vacuum, the probe needs to be brought into contact from this 
distance. This is achieved in two stages: i) coarse positioner ii) fine positioner and 
deformation mechanism as shown in schematic Figure 2.2. Deformation that can be 
introduced in the sample without causing it to bend out of plane is limited to about 100nm as 
the typical thickness of the sample is 300nm. 
 It is necessary to keep the positioning mechanism close to the specimen so as to minimise 
any thermal drift. Due to lack of space in the goniometer of TEM, the only option left is to 
house the positioning mechanism inside the TEM holder. The single-tilt holder of 
JEOL2000FX microscope has an outside diameter of 14mm, by removing the material inside 
the holder and making it hollow maximum bore diameter available is 8mm and the minimum 
wall thickness at the o-ring is 1.5mm. So the positioning mechanism developed should be 
compact and accommodated within the bore diameter of 9mm.  If the dimension gets 
increased, it limits the performance (range) of the positioning system. So the diameter of 
coarse positioning system is limited to 7mm and the length is limited to 15mm so as to 
achieve the maximum range (5mm in x-direction, 2mm in y&z-directions). The components 
used in the development of the triboprobe should be vacuum compatible. With all these 
considerations present design has been developed in which the probe is positioned near the 
sample by two mechanisms, i) Three axis inertial slider based coarse positioning mechanism 
ii) Fine positioning and deforming mechanism by four quadrant tube piezoceramic. 
2.2.1 Coarse positioner 
 The coarse positioning is used first to get the probe close to the specimen within the 
range of the fine positioning mechanism. There are different methods of coarse positioning 
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and anyone of the following techniques can be used; mechanical devices in which 
micrometric screw activate the motion, inchworm translators [30] stepper motor [31] and 
stick slip mechanism [32][33][34] in which piezoelectric effect is the source of deformation. 
  The heart of the three axes coarse positioning mechanism in our design is the shear 
piezoceramic-based inertial sliders. The main advantages of the piezoceramic-based 
positioners are, they are compact and vacuum compatible, their resolution is few hundreds of 
nanometers and they can be operated to the range of millimeters. Inertial sliders use simple 
drive electronics and do not require high precision in machined parts. When the sliders are 
not in operation they can act as stiff structural members generating no vibration.  
2.2.2 Inertial slider-working principle 
 The coarse positioning mechanism works on the concept of inertial slider, which are 
friction-based actuators. The concept of inertial slider was first developed by Phol in 1987 
[35]. Inertial slider [35][36][37] uses a stepping motion based on the stick and slip effect in 
order to achieve a long travel range, while maintaining the advantage of a virtually unlimited 
resolution.  
 
Figure 2.3: Schematic diagram of inertial slider 
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Inertial slider consists of five main components as shown in Figure 2.3. 
i) The slider (mobile part):  which is also the inertial mass allowing the stepping mode, 
ii) The piezoceramic: where the electrical energy is converted into mechanical energy; 
iii) The mechanical interface:  between the slider and the piezoceramic 
iv) The guiding system: which blocks all the undesirable displacements;  
v) The load system: which determines the friction force at the mechanical interface and 
controls the driving force of the actuator, allows motions against gravity/external forces. 
 
Figure 2.4: Schematic representation of inertial slider - working principle 
 The inertial slider operation principle is shown in Figure 2.4. Inertial slider uses a 
piezoelectric actuator to produce alternating periods of sliding and sticking between actuator 
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and slider to generate steps during the motion.  The input waveform consists of two parts, a 
ramp during which the voltage is increased gradually followed by a sudden drop (<2μs) to 
zero voltage. During the gradual increase the mass follows the piezoelectric movement 
because of friction (stick, a < µ (g+N/m) where a=acceleration, µ =coefficient of friction, 
g=acceleration due to gravity, N = normal force and m= inertial mass), where as it cannot 
follow a sudden piezoelectric retraction because of its inertia (slip a > µ (g+N/m)). A 
gradual deformation followed by abrupt jump backwards results in a relative stepping motion 
of the mass with respect to the piezoceramic. This process results in a net forward motion of 
the slider. By repeating this cycle, the slider can be moved over a long range. The reverse 
motion is achieved by applying the same waveform to the bottom surface of the piezoelectric 
plate. 
 The performance of inertial slider will depend upon various operating parameters. Bobji 
et al [25] studied the effect of the coefficient of friction and the normal force in determining 
the step size. It is observed that as µ increases the general trend is that the step size increases.  
Different waveforms for the voltages applied to the piezocermic have been tried and it 
appears that each waveform is suitable for a given operating condition. Erlandsson [38] used 
saw tooth signal in their micro positioning system. Woodburn et al. [39]simulated movement 
of the slider for linear parabolic and exponential ramps. Renner et al. [34] demonstrated 
cycloidal waveform for both the ramp and the drop parts of the input are more efficient than 
the saw tooth signal. It is essential to understand the characteristics of the inertial slider for 
different operating conditions. So to study the limits and the performances of the inertial 
slider under different operating conditions, an experimental set up with sample inertial slider 
was built, which allowed us to vary the different operating parameters. 
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2.2.3 Characterization of a sample inertial slider 
 A shear piezoceramic plate EBL#2 PZT (PZT-lead zirconate titanate) [40], of dimension 
5mm x 5mm x 0.75mm thick is bonded between copper beryllium sheets of 0.25mm-thick by 
means of conductive epoxy [41]. The bottom plate is rigidly fixed to a glass slide with a thin 
layer of super glue (cyanoacralic adhesive). Three spherical sapphire balls of 1mm diameter 
are placed on the top plate. The balls are positioned on the top of the piezoceramic with help 
of 3 holes (φ 0.8mm) in the top Cu-Be plate as shown in Figure 2.5. This restrains the ball 
and helps to increase the stiffness of the drive. The balls are used here for defining three 
point contacts and thus defining a plane. A slider-block is placed on the balls such that the 
center of gravity of the slider falls within the triangle formed by the 3 balls. Figure 2.5 shows 
a schematic of the experimental setup developed. 
 
Figure 2.5: Schematic of inertial slider assembly 
 The electrical signal is applied to the piezoceramic through connecting wires. To create a 
translation motion of the slider, the piezoceramic plate is excited by an input waveform of 
gradual increase from 0 to 300Vand abrupt decrease in amplitude as shown in Figure 2.6a. A 
computer program is used to generate signal digitally. The digital wave form is converted in 
to analog signal by 16 bit digital to analog converter (DAC). A high voltage amplifier is used 
to boost this waveform to 300V and is applied to the inertial slider as shown in Figure 2.6b. 
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Figure 2.6: a) Input waveform applied to piezoceramic b) Procedure for generating waveform 
for inertial slider 
 
Figure 2.7: Experimental setup to characterize inertial slider 
 A non-contact displacement sensor is used to measure the displacement of the slider. The 
displacement sensor used is an analog non-contact fiber optic reflectance dependent sensor 
[42]. The sensor uses a bundled glass fiber to transmit light and receive reflected light from 
target surfaces. Light from a semiconductor laser source is transmitted to the front silvered 
target through optical fibers. The intensity of the reflected light is dependent on the distance 
between the sensor tip and the target object. The specifications of the Philtec D-125 
displacement sensor used for measuring the displacement of slider are given in Table-2.1. 
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Table 2.1: Specification of Philtec-D125 Reflectance dependent sensor [42] 
Total range 15  mm 
Sensitivity – near side 31.5 mV/µm 
Near side resolution at DC-100 Hz 5 nm 
Sensitivity – far side 0.6 mV/µm 
Sensitivity – far side  0.6 mV/µm 
The displacement sensor gives voltage output corresponding to the displacement of the 
slider. The target surface is attached to the slider.  The slider is mounted on an X-Y 
translation stage that can be moved using a micro-screw mechanism in both directions 
independently with a resolution of 10 microns. The signal is applied to the piezoelectric 
material and the displacement of the inertial mass is determined. The velocity of the slider is 
determined by measuring the displacement of the slider in 15 sec.  All the experiments were 
carried out on a vibration- isolation table which minimises the effect of external vibrations. 
Figure 2.7 shows the experimental set up.  
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Figure 2.8: The motion of the inertial mass when exponential ramp is applied (Mass 42gm) 
alumina plate is in contact with the sapphire balls. 
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 When signal is applied during the gradually increasing cycle (Figure 2.8) the 
piezoceramic shears and the mass moves in one direction. As the input voltage drops to zero 
it comes back to its original position but the mass will have some finite velocity and 
continues to move. The mass oscillates and comes to rest after some time. The displacement 
generated per one cycle is referred as the average step size. 
 The performance of the slider is tested by varying the following experimental parameters 
a) Applied waveform – exponential, quadratic, linear and sine  
b) Co-efficient of friction  
c) Mass of the slider 
a) Applied wave form– exponential, quadratic, linear and sine 
 In order to understand the effect of different waveforms on the average step size the input 
ramp was varied. The different ramps applied to the piezoceramic are exponential, cubic 
quadratic, linear ramps, with alumina plate Vs sapphire balls as the contact surfaces. The 
peak value of the input voltage for each of the waveforms is varied from 75V to 300V.  
 Figure 2.9i shows the different input signals applied to the piezoceramic. The variation of 
step size with the applied waveform is as shown in Figure 2.9ii. It is surprising to see that for 
the exponential waveform, the step size is greater than that of cubic or quadratic ramp. By 
analyzing the actual displacement of the sliding mass for one cycle of the applied waveform 
(Figure 2.9ii), it was found that the main factor affecting the average step size is the velocity 
of the sliding mass just before the commencement of the slip. As the input voltage is 
suddenly dropped to zero, the inertial forces acting on the mass exceeds the friction force and 
the mass continues to move with the same velocity attained during the stick phase. The 
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distance over which the mass will travel depends on this velocity and the decelerating 
frictional force acting on it. By varying the shape of the ramp we ensured that keeping all 
other conditions constant only the velocity at the end of stick phase is varied. From the 
Figure 2.9ii it can be seen that the step size is maximum for the exponential ramp followed 
by cubic, quadratic and linear ramps. To test this hypothesis further, an exponential ramp 
followed by a 1 ms delay during which the voltage is maintained constant. This will ensure 
that the velocity of the sliding mass is brought close to rest before the commencement of the 
sudden drop segment of the input waveform. It has been observed that this gives the lowest 
step size and further experiments confirmed that the shape of the input ramp before the 1ms 
delay has very little effect on the step size. 
i  ii  
Figure 2.9: i).Different input wave forms applied to the piezoceramic a) exponential b) cubic 
c) quadratic d) linear increase followed by sudden drop. ii).Variation of average step size 
with the applied voltage for different ramps and the data points were fitted with least square 
method shown as continuous line. 
b) Variation of Coefficient of friction  
The static and dynamic coefficients of friction are the important parameters which 
determine the step size. The different coefficient of friction is achieved by using different 
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contact pairs (steel surface against steel balls and alumina plate against sapphire balls) and 
also by lubrication (vacuum grease, lubricating oil). The co-efficient of friction of these 
surfaces is determined using a strain gauge based force sensor. An exponential ramp with 
sudden drop having a frequency 121Hz is applied to the inertial slider and the average step 
size is determined by acquiring the displacement sensor output for 15sec. 
 
Figure 2.10: Variation of Average step size with the different experimental conditions (Mass 
42gm) .The steel surface Vs steel balls (S-S) is studied under dry and lubricated conditions 
(2T oil and vacuum grease), different contact surfaces are achieved using alumina plates and 
sapphire balls.  The coefficient of friction is indicated at the top of the column 
 It is observed that as the coefficient of friction reduces the average step size reduces. 
From the Figure 2.10 it is observed that the step size is highest for contact between steel 
surfaces with steel balls under dry conditions. Generally the step size reduces with the 
reduction in the coefficient of friction under dry conditions. For a given inertial mass, the 
reduction in frictional force causes the slider to stick less during the slow ramp of the 
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waveform. This results in net reduced displacement of the slider. Hence with reduction in the 
co-efficient of friction the average step size reduces. 
c) Variation of mass of slider 
 The mass of the slider affects the performance of the inertial slider in two ways. First, it 
determines the inertial mass that resists the high acceleration during the fast retraction phase 
of operation. Second, it affects the total normal load, and hence the frictional force at the 
contact. The experiments were performed for four different masses of 40, 90, 140 and 
180grams. 
 
Figure 2.11: Variation of velocity of slider with variation of mass of the slider 
 The experiments were carried out by varying the input voltage to the piezoceramic from 
the controller unit. An exponential waveform with a frequency of about 121 Hz is applied to 
the piezoceramic. The maximum voltage applied is varied from 150V to 300V. The 
experiments were repeated after increasing the mass, i.e. by adding more weights on the 
slider. The variation of the velocity of the slider with mass is as shown in Figure 2.11. 
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 As the mass increases the frictional force experienced by the piezoceramic during the fast 
retraction also increases proportionately. This would mean that the amount of retraction is 
also proportionally reduced, due to the elastic deformation of the piezoelectric element. At 
the end of retraction, the slider sticks to the piezoceramic as the acceleration drops, reducing 
the frictional force to zero. This would lead to an elastic recovery resulting in the backward 
motion of the slider.  
Thus the effective distance the slider would have moved per pulse is  
μgtStepsize / pulse  d - mo sliderGA
≈  
 Velocity   = Step size * frequency         
 
 
 Where, do is the piezo displacement, f is the frequency in hertz, µ is the co-efficient of 
friction, G is the shear modulus of the piezo, msilder is the mass of slider and g, the 
acceleration due to gravity in mm/s2. 
2.2.4 Implementations in 3 axis development  
 Based on the experimental results following conclusions were drawn and the 
implemented in the development of the three axis coarse positioner. 
• The maximum velocity of the slider is obtained when subjected to exponential waveform 
(ramp), which implies that it is ideal for the best performance of the inertial slider. 
• Static and dynamic coefficients of friction are the important parameters which determine 
the step size; as the coefficient of friction increases the average step size increases. Also one 
needs to consider that the wear at the contacting material can also increase with increase in 
o slider
μgtd f - m f - - - - - - - - - - - - - - - - - - - - - - - (2.1)
GA
≈
Chapter 2                                                                              Development of TEM Triboprobe 
 
33 
 
friction. Wear is minimal for alumina Vs sapphire contacting pair compared with the 
Alumina Vs steel or Steel Vs steel. So the contact is established in between the alumina plate 
and the sapphire balls in the coarse positioner. 
• As the slider mass is decreased the average step size increased, so to achieve the 
maximum step size the inertial mass should be minimal.  
• Thin layer of lubricant will reduce the stiction and will minimize the possibility of cold 
welding. Since the coarse postioner is used inside vacuum organic lubricants cannot be used 
in vacuum, so vacuum grease could be used as a lubricant to reduce the friction and wear. 
 Above conclusions were implemented in the development of three axes coarse 
positioning system. A pair of inertial sliders was used for all the three axes as shown in 
Figure 2.12. Four sapphire balls of 1mm diameter are placed in the V-shape guide of the base 
as shown in section A-A of Figure 2.12a. The inertial slider – 1 (IS-1) is placed at the end of 
the cap. Two half sapphire balls of 1 mm diameter are placed diagonally on the top plate of 
IS-1. These balls along with the 4 guiding sapphire balls in the V-shape guide of the base 
ensure the motion of the X-slider to be collinear. The IS-1 is the main actuation device for X-
slider. Inertial slider – 2 (IS-2) acts as additional drive supporting IS-1 and also ensures 
support for the X-slider. The IS-2 is mounted on shaped cantilever spring. The deflection at 
the end of the spring can be adjusted by a screw so that, the normal load on IS-2 can be 
varied. The Y & Z inertial sliders are placed in the front portion of the X-slider and they act 
independent of the X-slider to position the fine positioning mechanism in respective 
directions. The electrical leads (100 microns, Teflon insulated sliver wire) are soldered to the 
top and bottom surface of piezoceramic plate. All the electrical leads are routed by a φ2mm 
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through hole in the base. O-ring of 4mm ID and 2mm thick in the base seals the vacuum 
when inserted inside the specimen holder. A solid model of inertial slider assembly is shown 
in Figure 2.13. 
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Figure 2.12: Coarse positioning assembly 
 
 
 
Figure 2.13: Solid model of inertial slider assembly 
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2.2.5 Fine positioner - tube piezoceramic 
 A 4-quadrant tube piezoceramic tube (EBL#2 PZT [40]) of diameter 3.1 mm and length 
25mm is used as fine positioner. It is mounted on the end of the coarse positioning 
mechanism. Tube piezoceramic is used because of its high resolution (~1nm), vacuum 
compatibility, good mechanical durability, high speed and low power consumption.  The tube 
piezoceramic is rigidly fixed at one end; the electrical connections were made to the all the 
four quadrants and inner wall of the piezoceramic is connected to the ground (Figure 2.14). It 
can be operated in two different modes longitudinal and transverse. In case of longitudinal 
mode same voltages are applied to all the 4 quadrants of the tube piezoceramic which results 
in the deformation in X-axis. Whereas in case of transverse mode equal and opposite signals 
are applied to the opposite quadrants the tube which results in the lateral deformation (Y&Z-
axis) as shown in schematic Figure 2.14.  
 
Figure 2.14: Schematic of 4-quadrant tube piezoceramic 
 The performance of the tube actuators is affected by factors like material properties, and 
environmental conditions like temperature and humidity [43]. Hysteresis behavior in material 
properties like ferroelectricity and dielectric permitivity also affects the performance [43]. 
This intrinsic behaviour of the tube piezoceramic causes errors in the positioning system. In 
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view of all these factors, the tube piezoceramic is characterised before using it as a fine 
positioner. 
 The experimental set up for calibration of fine positioner is as shown in Figure 2.15. The 
digital input from the computer (±5V) is converted to analog form by DAC. A High Voltage 
(HV) amplifier amplifies the analog input to ±200V. Four terminals from HV amplifier 
namely north (N), south (S), west (W), east (E) gives the output voltage to be applied to the 
piezoceramic tube. For longitudinal positioning same (X-axis) voltages are applied to all the 
four quadrants. In transverse bending mode (Y-axis) the terminals E & W give equal and 
opposite voltages, to which one set of opposite quadrants are connected. Similarly other two 
quadrants are connected to terminals N, S (Z-axis) and the inner surface is grounded. The 
displacement at end of the tube is measured by using a reflectance based Displacement 
Measurement System (DMS) (section 2.2.3). The displacement of the tube piezoceramic is 
determined both in longitudinal and transverse modes using DMS. 
 
Figure 2.15: Experimental set up for calibrating tube piezoceramic 
a) Longitudinal Mode 
 A voltage pulse between inner and outer surfaces of fine positioner is applied and 
electromechanical transfer characteristic of the tube piezoceramic corresponding to this 
voltage input is recorded using DMS. The transfer characteristic, plotted in Figure 2.16, 
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shows the nonlinear behaviour in the response of the piezoceramic for the applied signal. It is 
observed from the hysteresis plot Figure 2.17 that the loss is small for lower voltages 
(piezoceramic response in linear) and as the voltage is increased the hysteresis loss increases 
(nonlinear response).   
 
Figure 2.16: Electromechanical transfer characteristics for a peak Voltage of 130volts 
 
Figure 2.17: Mechanical Response of fine positioner over various electrical excitations 
b) Transverse mode 
 In this mode of operation, equal and opposite voltages are applied on opposite segments 
of the piezoceramic tube. The mechanical response of the fine positioner for equal and 
opposite voltages (±V) on two opposite quadrants is as shown in Figure 2.18. The fine 
positioner is characterized in transverse mode for various peak values. The hysteresis curves 
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for different peak values (10, 20, 40, 80) are as shown in Figure 2.19, which also implies that 
the loss at lower voltages is smaller.  
 
Figure 2.18: The electrical excitation applied and the mechanical response in transverse 
mode 
 
Figure 2.19: Hysteresis loops of fine positioner in bending mode operation over various 
electrical excitations 
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 The deformation of the tube piezoceramic is compared with the theoretical calculations 
both in longitudinal and transverse mode and plotted in Figure 2.20. 
In the longitudinal mode is given by [44] 
 
Where, 
d31 = strain coefficient (displacement normal to polarization direction) [m/V] 
L = length of the piezo ceramic tube [m] 
V = operating voltage [V] 
d = wall thickness [m] 
The transverse deformation can be given by [44] 
 
Where,  
∆x = scan range in X and Y (for symmetrical electrodes) [m] 
d31 = strain coefficient (displacement normal to polarization direction) [m/V] 
V = differential operating voltage [V] 
L = length [m] 
ID = inside diameter [m] 
d = wall thickness [m] 
 It is observed that the displacement values from experiment at low applied voltages the 
piezoceramic response is linear. Above some threshold voltage it is observed to deviate from 
the linearity as shown in Figure 2.20a&b. The deviation is occurring at around 50V and 60V 
for longitudinal mode and transverse mode respectively. So it is suggested to use the tube 
31
V
ΔL » d L  - - - - - - - - - - - - - - - - - - - - - - - (2.2)
d
2
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piezoceramic in less than 40V for the linearity. In addition, during practical operation 
displacement of the tube piezoceramic in directions other than the polarization direction 
results in positioning errors, which is to be compensated by applying a sufficient polarization 
on other quadrants of the tube piezoceramic so that we get the sharp probe motion in 
specified direction. Since the inertial-slider based coarse positioning system has the step size 
in the range of 0.1micron, the tube piezoceramic can be always operated in its linear regime. 
a   b  
Figure 2.20: a) Longitudinal mode displacements b) transverse mode displacements 
2.3 Tungsten probe preparation by chemical etching 
2.3.1 Principle 
 Tungsten probe is selected for probing due to its fabrication simplicity, electrical 
conductivity and also the hardness, which is 10 times higher than the test samples. Many 
techniques can be used for fabrication of sharp probes like grinding [45], cutting with a wire 
cutter or razor blade [46], ion milling [47], electrochemical polishing or etching [48]-[50] . 
The aim is to produce a sharp metal probe with low aspect ratio (Tip length/ Tip shank) to 
minimize the flexural vibrations. The strain produced during the preparation of the probe 
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should be minimal.  Since the mechanical methods induce strain in the probe electrochemical 
etching is used for making the sharp tungsten probes. 
 The electrochemical etching technique usually involves the anodic dissolution of the 
metal electrode. Alternating current (ac) etch [51] or direct current (dc) etch [48] techniques 
can be used for the preparation of probes. Each procedure gives different tip shape; the ac 
etched tips have conical shape and much larger cone angle than the dc-etched tips [51]. The 
dc etched tips, on the other hand, have the shape of the hyperboloid, are much sharper than 
the ac etched tips [51]. 
 DC-etched tips are usually prepared by dc drop off method. Electrochemical reaction 
taking place during chemical etching at the electrodes is written as 
2 2 - -Cathode       6H O   + 6e      3H (g)   +   6 OH          →  
2- 2- -Anode        W(S)  + 8OH      WO    +  4H O  +6 e   4→
 
2 2- 2-Total        W(S)  + 2OH    +2H O   WO    +  3H (g)       4→
 
 
Figure 2.21: Schematic of the tungsten tip etching process 
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 The etching takes place at the air/electrolyte interface; tungsten undergoes an oxidative 
dissolution to tungstate anions (WO42−), which are soluble in water. The reaction also 
involves the reduction of water; bubbles of gaseous hydrogen and OH− ions are thus 
produced at the cathode. Capillary forces yield the formation of a meniscus of solution 
around the tip wire when it is immersed into the electrolyte. The shape of the meniscus plays 
a very important role in determining the final shape of the tip as the etching rate at the top of 
the meniscus is a lot slower than at the bottom. This can be explained by the presence of a 
concentration gradient due to the diffusion of OH− ions towards the anode. Furthermore, the 
soluble tungstate produced during the reaction flows towards the lower end of the tip wire, 
generating a dense viscous layer which prevents this region from being etched away. Thus, a 
necking phenomenon is observed in the meniscus where the etching rate is enhanced. At 
some point, this part of the wire becomes so thin its tensile strength cannot sustain the weight 
of the lower end of the wire; the latter breaks off and a sharp tip is left behind. This is 
commonly referred to as the “drop-off” method, and it is illustrated in schematic Figure 2.21. 
At drop off, the diameter of the lower portion of the wire would be around 50% of the 
original diameter. 
2.3.2 Operating parameters 
 The setup developed for the electrochemical etching of W probes is shown in Figure 
2.22. The tip holder is held onto the etching station, and can be moved vertically using a 
screw rod; it is thus possible to easily and precisely control the length of the wire immersed 
in the solution. The graphite electrode is used as a counter electrode. NaOH or KOH can be 
used as electrolytes for etching. In the present set of experiments NaOH was used as 
electrolyte, which yielded satisfactory.  
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 The time interval between the actual drop off and switching off the circuit is crucial in 
determining the tip diameter. Many groups have worked on this issue and designed electronic 
control devices to minimize the switching off delay [48], [51], [52]. The electronics works 
based on the following principle: as the etching progresses, the current between the anode 
and the cathode decreases in a linear manner since the cross-sectional area of the wire 
decreases, but when the drop-off happens, the current falls abruptly reflecting the loss of 
considerable amount of material at the anode. These electronic devices thus monitor the 
current (or the differential signal of the current [52]), and switch off the circuit when a 
sudden drop in the current is detected. Our setup used a design similar to that developed by 
Ibe et al. [48]. In our case, the current is usually between 0.03A at the beginning of the 
etching process and decreases steadily until it reaches about 0.01 A, at which point the drop 
off happens and the circuit switches off. The cutoff point can be varied by changing the RC 
time constant of the circuit. The whole etching operation requires a couple of minutes. 
 
Figure 2.22: Photograph of the experimental setup used for the electrochemical etching 
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Figure 2.23: SEM micrographs of electrochemically etched tungsten tips 
 Once the etching is completed, the tip is cleaned immediately by carefully dipping it for a 
few seconds in distilled water, and by rinsing it with ethanol. The purpose of this step is to 
remove residues left by the etching process. The tip should then be gently dried with clean 
compressed nitrogen gas. The SEM micrographs of the tips obtained in this method are 
shown in Figure 2.23. There are mainly three factors which affect the tip geometry as listed 
below: 
a) Applied voltage and circuit cutoff time 
b) Length of the wire in solution 
c) The shape of the meniscus and concentration 
a) Applied voltage and circuit cutoff time 
 Tungsten tips were prepared by using the set up with 2N NaOH solution as the 
electrolyte. The biasing voltage between the cathode and anode is varied from 3V to 10V in 
steps. The immersion length of the wire (3mm) and the cutoff current were kept constant. 
Figure 2.24a is the SEM micrograph of tip obtained in this method having 30nm diameter 
and large aspect ratio. As the biasing voltage increased to 10V, it results in the lower aspect 
ratio tips as shown in Figure 2.24b. 
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Figure 2.24: SEM micrographs of Tungsten tip etched at two different biasing voltages  a) 
3V and b) 10V  
 The biasing voltage has to be switched off as soon as the drop off happens. The radius of 
the tip will depend upon the cutoff time of the circuit.  The cutoff time of the circuit varied 
from 650ms to 0.75ns by keeping other parameters constant. At 650s blunt tips were obtained 
with larger cone angles (500).  Sharp tips with smaller cone angle were obtained for the least 
cutoff time of our circuit 0.75ns. Our observations are similar to existing observations in 
literature [48], [49].  Larger the cutoff time the tips become blunter. This is because the 
electrochemical reaction does not stop after the drop-off occurs, so if the applied voltage is 
not turned off right away, the sharp end of the tip will be etched away as shown in Schematic 
Figure 2.25. 
 
Figure 2.25: Schematic of tip blunting under the due to the post etching, 1-5 corresponds to 
different time intervals of post etching which results in increased tip diameter and cone angle 
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b) Length of the wire in solution 
 The length of the immersed part of the wire is another determining parameter in the final 
tip shape. It was observed that the longer the submerged wire, the larger the radius of 
curvature of the tip. The explanation is that as the length increases, the weight of the part 
hanging below the neck (stub) increases as well; this can cause a premature drop-off and thus 
possibly produce blunt tips. The immersion length of wire (0.1mm diameter) was varied from 
1mm to 10mm and the tips studied using SEM. In our trials for 0.1mm diameter wire, 3mm 
immersion length consistently gave tips of smallest radii of curvature. 
 
Figure 2.26: TEM micrograph showing ball like structure formation at the end of the tip 
during larger immersion length. 
 It was also observed that few tips with larger immersion length had ball like structure at 
the very end of the tip increasing the effective radius of curvature. During etching two forces 
act on the wire: the weight of the stub pulling down on the wire and the wire pulling up on 
the stub. As long as downward force does not exceed the tensile strength of the neck, it will 
not break. When the weight exceeds this strength, the stub breaks off removing the 
downward force on the wire. As a result, the material at the end of the tip may experience 
slight recoil and bend the tip as shown in the Figure 2.26 [53]. 
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c) The shape of the meniscus and concentration 
 The shorter the meniscus, the smaller the aspect ratio of the resulting tip and a small 
aspect ratio is desirable to limit the vibration of the tip. It is possible to fine tune the height of 
the meniscus before starting the etching reaction by carefully playing with the micrometer 
screw. It would be preferable to etch the tips symmetrically, since asymmetric etching will 
result in the lateral forces at the breaking point, which may lead to undesired phenomena 
such as bending of the tip near the apex. A meniscus symmetric of the axis of the wire will 
yield a symmetric tip. This is achieved when the angle between the immersed wire and the 
air/electrolyte interface is close to 90o. If the tip is etched perpendicularly to the liquid 
surface and its shape exhibits remarkable symmetry, while non perpendicularity will result in 
asymmetric tips. Perhaps the most problematic issue we encountered was to make sure that 
the shape of the meniscus would stay intact while the wire was being etched.  One more 
factor which will result in the asymmetry of the tip would be the vibrations of the meniscus. 
Any vibrations will result in oddly shaped tips as shown in Figure 2.27. If the meniscus 
position during etching changes its position as shown in schematic, it will result in the step 
formation in the tip. So, one has to minimize the vibrations during etching. 
a  b  
Figure 2.27: a) Schematic of step formation during etching b) SEM micrograph 
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 The concentration of the electrolyte has been varied from 1N to 4N and the tips were 
prepared with 3mm immersion length with 10V biasing voltage. As the concentration 
increases the etching time decreases and 2N solution gave consistent results. SEM 
micrographs were obtained at different magnifications and the etching process was 
standardized. Figure 2.28 shows the SEM micrographs of the tip obtained using 2N solution. 
    
Figure 2.28: SEM micrograph of tip b) magnified view 
From the above studies the parameters to obtain 100nm tip diameter with low aspect ratio is 
summarized in the following table. 
Table 2.2 Standardized parameters for W tip etching 
Biasing voltage 10V 
Concentration  2N NaOH 
Immersion length 3mm for 0.1mm diameter wire 
Maximum current 0.031A 
Cutoff current 0.01A 
Cut-off time 0.75msec 
2.4 TEM sample preparation 
 In the triboprobe the sample is deformed from the side and the indentation axis is 
perpendicular to the electron beam direction. So the sample should have electron transparent 
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region to its edge. The conventional method like Precision Ion Polishing System (PIPS) 
cannot be used for this kind of sample preparation since it produces electron transparent 
region at the center of the sample, which cannot be accessible by the sharp probe in our 
design. Also one has to consider that the electron transparent region won’t be rigidly attached 
to the sample; there is higher probability of buckling. One more technique which can be used 
would be deposition of the films on the on wedge structures to obtain electron transparent 
region at the edge. Since our interest was to study the deformation in case of bulk samples 
the deposition technique is not feasible. Two other methods have been optimized for 
preparing electron transparent samples; they are i) wedge polishing ii) FIB technique. 
2.4.1 Wedge tripod polishing method 
a) Inclined polishing 
a   b  
Figure 2.29: Schematic of step sample normal polishing b) inclined polishing 
 Buehler minimet 1000 polisher is used for preparing the TEM samples. This polisher can 
be used for precisely thinning the samples. Sample is attached to the glass substrate using 
crystal bond wax. During operation the sample gets rubbed against the diamond disc and gets 
polished Figure 2.29a.  The amount of material that needs to be removed is adjusted using a 
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micrometer mechanism on the top. Also the speed of rotation and force applied while 
removing material are set. During normal polishing the sample thickness is reduced 
uniformly. For inclined polishing a square shaped glass is stuck onto the circular glass 
substrate at an angle of 2° by inserting a sheet metal piece below the one end of the square 
glass. The sample which needs to be polished is loaded on to the inclined stage and during 
polishing wedge shaped samples can be obtained Figure 2.29b. 
b) Tripod polishing 
 Silicon wafer of <100> orientation is taken and is cut in to small pieces of the size 
3X5mm. the longer edge of the piece will be parallel to the <100> notch as shown in the 
schematic Figure 2.30. 
 
Figure 2.30: Schematic of the silicon wafer 
 Well polished surfaces are bonded together using superglue and is mounted on the tripod 
for wedge polishing. 20 of tilt was maintained during tripod polishing. Different graded grits 
used for the polishing were 30, 15 and 6 micron. Polishing is continued till the interface is 
observed. Final polishing is done by using 1-micron grit paper to obtain mirror finish without 
any scratches. One more silicon wafer piece (well polished) is bonded on the polished wedge. 
Now the wedge shaped sample is sandwiched between two wafers. The whole assembly is 
mounted vertically to polish it from the edge to get the smooth surface finish at the edge. 
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Different grits are used during the course of polishing.  1-micron grit is used till the mirror 
finish is achieved. The assembly is removed and kept in acetone for overnight to separate the 
wafers. The wedge shaped wafer obtained by this method is observed under SEM to measure 
the edge thickness (Figure 2.31). This sample could further milled to electron transparency 
using FIB. 
a    b  
Figure 2.31: SEM micrograph of tripod polished sample (normal view) b) side view 
2.4.2 Focused Ion Beam (FIB) Microscope method 
 Focused Ion Beam (FIB) microscope, is a technique used in the field of materials science 
to site specific analysis, deposition and milling of the materials. Figure 2.32 shows the 
schematic of FIB. It operates in similar principle to the SEM. Instead of electron beam, FIB 
uses Gallium ions. Gallium metal is placed in contact with a tungsten needle and heated. 
Gallium wets the tungsten, and a strong electric field (greater than 108 volts per centimeter) 
causes ionization and field emission of the gallium atoms. The ions are accelerated and then 
made to focus on the sample.  Ions are much larger than the electrons and they will interact 
with the sample by atomic ionization or breaking of chemical bond, which is the 
advantageous for milling. The beam diameter is controlled by using apertures and the 
electrostatic lenses used for focusing the beam.  Magnetic lenses are less effective on ions; as 
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a consequence FIB uses electro-static lenses. The beam current can be varied from pico-
ampere to nano-ampere, the lower currents were used for imaging and the higher current is 
used for milling operations. Secondary electrons detector is used for imaging. The FIB has a 
provision for coating platinum or tungsten on small regions of the sample. 
 
Figure 2.32: Schematic of the Focused Ion Beam Microscope (FIB) 
 
Figure 2.33: Schematic representation of the sample 
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 A rectangular sample of dimension 3X4mm is cut from the bulk material using low speed 
saw. The sample is polished from both the sides, till the sample thickness becomes 50 micron 
using Buhler polishing unit. FIB is used to cut trenches from each side, leaving behind a thin 
electron transparent lamella supported by bulk material on two opposite sides as shown in 
Figure 2.33. 
 The 50micron sample was loaded on to the sample stub using silver paste. The milling 
operation was carried out by selecting rectangular areas. The highest milling current 11.5nA 
was used in the initial milling. The next rectangle was milled with 2.7nA. The milling is 
continued till the lamella thickness becomes 300nm. The sample obtained is imaged using 
FIB which is shown in Figure 2.34a. From the Figure 2.34b it can be seen that the re-
deposition of the material decreases the field of view when the sample is observed under 
TEM.  Selecting the milling area to be trapezoidal rather than rectangular will be better. The 
sample as shown in schematic Figure 2.33 and Figure 2.37  is better for both mechanical 
strength and for unobstructed view in TEM. 
   
Figure 2.34: FIB micrographs obtained after milling b) magnified view 
Chapter 2                                                                              Development of TEM Triboprobe 
 
54 
 
 The milled sample was observed under TEM and the micrograph obtained is shown in 
Figure 2.35. It is observed that the sample thickness varies as we move from the edge to the 
interior of the sample. Waviness in the sample edge is observed.  This kind of samples is not 
recommended for in situ indentation. The main reason behind this kind of sample generation 
is that during milling the angle between the beam and the sample edge will not be always 90 
degrees and also beam broadening and  drift of the sample could result in the formation of 
wedge shaped structure. The drift of the sample is eliminated by rigidly fastening the sample 
in between small metallic clamps. Uniform thickness of the sample is obtained by 
introducing a tilt (20) to the sample about the beam axis during milling. 
 
Figure 2.35: TEM micrograph showing the thickness variation and damaged edge. 
 Figure 2.36a shows the FIB micrograph (50 degree tilted view) of the Aluminium sample 
prepared by introducing tilt during milling. TEM micrograph (Figure 2.36b) confirms that the 
sample is of uniform thickness. The selected area diffraction (SAD) pattern obtained from 
one of the grains is shown in the insert. Though the sample is of uniform thickness the edge 
of the sample is not planar, and also waviness still exists due to the FIB damage. This can be 
minimized by decreasing the milling current to 1nA during final milling process. 
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Figure 2.36 a) FIB micrograph of the Al sample b) TEM micrograph along with selected area 
diffraction (SAD) pattern 
 
a   b  c   
Figure 2.37: a) FIB micrographs of the Aluminium b) Titanium c) Al-Si samples 
 Samples were milled taking care of all the parameters like beam current, milling area and 
drift which could introduce unwanted sample damage and the procedure has been optimized. 
Figure 2.37a. b and c shows the micrographs of samples prepared from Al, Titanium and Al-
Si alloy respectively. Silicon particles are looking darker in the micrograph. The advantages 
of using FIB for TEM sample preparation are 
• The electron transparent region can be obtained at the edge of the sample, which is an 
essential for the current experimental configuration. 
• The milling area can be selected as precisely as 50nm. 
• Samples with uniform thickness with required dimension can be obtained. 
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• The electron transparent region is surrounded by thick material from all the three sides 
which gives the rigidity (avoids buckling) and protection to the thin region during handling. 
2.4.3 AFM tips as sample 
 AFM tip is a long cantilever structure having a sharp tip at the end. The stiffness of the 
cantilever is known and the tip is having radius of the order of nanometers. The very end of 
the tip will be electron transparent so they can be used as samples inside TEM. The 
advantage of using AFM tip as sample is that the deflection of the tip will give us an estimate 
of force during the experiment. Figure 2.38 shows the low magnification TEM micrograph 
showing the AFM cantilever and the tungsten probe. 
 
Figure 2.38: TEM micrograph of tungsten probe and the AFM tip 
2.5 TEM triboprobe design considerations 
 The three axis coarse positioner was assembled and was tested for its performance. The 
electrical connections were made to the inertial sliders by using 100µm Teflon-coated silver 
wires. The whole assembly of the three axis positioner with fine positioner and the tungsten 
probe is shown in Figure 2.39.  
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Figure 2.39: Assembly of three axis positioner with tube piezoceramic and the tungsten probe 
Coarse positioner 
 The x-slider with two inertial sliders IS-1 and IS-2 has been assembled as shown in 
Figure 2.40. The stiffness of the IS-2 is adjusted by varying the normal load by means of a 
spring attached to it.  Initially upon assembly, it was found that the x-slider was not working. 
This lead to the detailed analysis and experimentation and the reason was found to be the low 
value of support (cap) stiffness.  
 
Figure 2.40: x-slider assembly with IS1 and IS-2 
For the slider to slip, the acceleration of the slider should be greater than µg.  
i.e., a > µg, 
where a = acceleration of the slider 
Let the inertial slider be subjected to a sinusoidal motion of x=A sin (ωt), where ‘ω’ is the 
frequency of oscillation, ‘t’ the time and A its amplitude. 
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2
μ m gK > - - - - - - - - - - - - - - - - - (2.5)
x(3.52)
2
2 2
2
d x = -Aω Sin (ωt)= - xω - - - - - - - - - - - (2.4)
dt
 
For the slider to slip,  
2
2
d x >μg
dt
 
The frequency of a cantilever system is given by  
K
ω = 3.52
m
, where K = stiffness and m = mass 
2 2 Kω = (3.52)
m
 
Substituting back in equation 2.4, the maximum acceleration is 2 Kx(3.52)
m
 
 
 
        
For the slider to slip, 2 Kx(3.52)
m
 
 
 
>μg
 
 
For a displacement of 300 nm, coefficient of friction of 0.2, and a mass of 0.016 kg, the value 
of K will be  
                  K     > 8.4 kN/m   
 This is the minimum stiffness the support should have for satisfactory working of the 
inertial slider. However the stiffness of the support for the cap as calculated and is found to 
be 5.6kN/m. This can be seen to be on lower side resulting in erratic behavior of X-axis 
inertial slider.  
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 It is proposed based on the studies of inertial sliders, for satisfactory working of the x-
slider, the following modifications can be made 
1) Increase the cap thickness to 0.55 mm to 0.7 mm such that the stiffness of the cap 
increases to 10.7kN/m. This value of stiffness is more compared to the minimum support 
stiffness required which is 8.4kN/m.   
2) Reduce the length of the cap from 16 mm to 13 mm so that the stiffness becomes 
8.6kN/m. 
 The length of the cap was reduced to 13 mm. With this modification, it is observed that 
the inertial slider is capable of generating displacement in the x-direction of the coarse 
positioner.  The Y & Z sliders were also assembled and tested for their performance. 
Base 
  
 
 
 
Figure 2.41: Section view of triboprobe showing the flange at rear end of base and O-ring 
sealing vacuum 
 The assembly is placed inside the TEM holder. O-ring in the base part of the assembly 
seals the vacuum from outside. The pressure outside is atmospheric, i.e. 1bar. The difference 
in pressure is = 1 bar – 10-10 bar = 1 bar = 105 Pa. This pressure difference acts on the O-ring 
of outer diameter of 8 mm. Hence the total load acting on the O-ring is  
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 The flange at the rare end of the base as shown in Figure 2.41 has to withstand this load.  
2 2 -3 -3 2 -6 2
o i
π πArea of  the flange  = ×(d - d )= x(10×10 -7.5×10 ) = 4.906×10 m
4 4
 
The flange experiences a load of 5.024 N over an area of 1.766x10-6 m2. The stress on the 
flange is -6
5.024Actual Stress = = 1.024 MPa
4.906 x10
 
This stress is far less when compared to the yield stress and shear stress of SS304, which is 
around 350 MPa and 175 MPa respectively.  
O-ring 
 An O-Ring is specified by its inner diameter and its cross-section (CS) diameter. In order 
for an O-ring to seal against the movement of fluid, it must be compressed when seated 
inside the gland.  
Known parameters: 
Bore diameter (ID of TEM goniometer) = 14 mm 
Outer diameter of holder = 13.8 mm 
The difference between CS and the effective grove depth represents the compression (CP) of 
the O-Ring (a dimensionless quantity),  
 
-3 2
5
Load = Pressure× Area
π(8x10 )Load = 10 x = 5.024 N
4
d dB -G
2CP = 1 - - - - - - - - - - - - - - - - - - - - - - - - - - -(2.6)
CS
 
 
 
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d recID=G (1- S )
ID=10.7(1-0.05)= 10.07 mm » 10 mm
Where, CP = Compression 
CS = Cross section of O-ring 
Bd = Bore diameter, φ14 mm 
Gd = Groove diameter 
CP is required to be greater than zero in order for the O-ring to be compressed. The 
recommended upper limit of CP depends on the type of seal. In static seals, where the O-ring 
is not in axial motion in the bore, the recommended maximum compression is approximately 
30%. Assuming a compression of 15%, i.e. CP= 0.15 and a cross section of 2 mm, 
substituting, we have  
d(14 - G ) / 20.15 = 1-
2
 , Gd  = 10.6 mm 
In order for the O-ring to fit snugly in the groove, it is desirable to circumferentially stretch 
the O-ring slightly. The recommended amount of stretch S is between 1% to 5%, with 2% as 
the preferred stretch values. The O-ring inner diameter ID can be found from the 
recommended stretch Srec and the Groove Diameter Gd,  
 
The material selected for O-ring should be natural or synthetic rubber so that it can deform 
and perform sealing action. The material should be vacuum compatible. Hence Buna-N 
(Nitrile) material is selected for this purpose.  
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GW = 1.5* CS
GW = 1.5*2 = 3 mm
Groove Width  
 When the O-ring is compressed radially, it will expand axially (since most elastomeric 
materials are effectively incompressible). The Groove Width (GW) should therefore be about 
1.5 times the O-ring cross-section diameter to accommodate this axial expansion,  
  
The dimensions of O-ring1 and  O-ring 2 are listed in table 2.2.    
Table 2.3 Dimensions of O-rings 
 O-ring1 O-ring 2 
Inner diameter, D 4 mm 10 mm 
Cross section, CS 2 mm 2 mm 
Bore diameter, Bd 8 mm 14 mm 
Groove diameter, Gd 4.6 mm 10.6 mm 
Groove width, GW 3 mm 3 mm 
Fine Positioner 
 Four-quadrant tube piezoceramic is attached next to the three axes slider assembly on a 
aluminium rod. Teflon coated silver wires were used for electrical connections. 
Extension rod 
 Because of the space constraints in the holder the extension rod had to be used during the 
assembly. The extension rod used should be light in weight so it is made out of aluminium 
and attached to the front portion of the tube piezoceramic. Towards the end of this rod one 
Cu-Be sheet metal is attached as an extension mechanism. A grove is made on the Cu-Be 
sheet to mount the electrochemically etched tungsten probes. 
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Holder 
 Two specimen holders were developed: Holder-1 and Holder-2. The Holder-1 is identical 
to the single tilt holder of JEOL 2000 FX II, whereas Holder-2 is designed to house the 
triboprobe assembly. Holder-1 (Figure 2.42) was developed to test the holder for vacuum 
leak and to gain confidence in the development of the specimen holder by testing it inside 
TEM. The development also qualified O-ring and vacuum grease for use in further models to 
be used inside TEM. 
 
Figure 2.42: Photograph of the TEM holder I showing details 
 A ruby ball of 2 mm diameter, in the front tip of the holder, locates the holder correctly 
into a semi-hemispherical recess inside the TEM. This also prevents the wear of the holder 
tip. A circular handle made of plastic at the rear end, allows the user to handle the holder 
easily during mounting and dismounting the holder from TEM. A guide-pin (3 mm in 
diameter) made of brass, locates the holder into the keyway in the goniometer of TEM. 
Surface roughness of the groove surfaces is critical in vacuum sealing, as air will find its way 
through extremely minute passages. Therefore, holder surfaces against which the O-ring 
seals are polished to mirror finish so as for have smooth surface finish.  
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Figure 2.43: Schematic of Holder-2 showing assembly inside the modified TEM holder 
 
Figure 2.44: Photograph of the TEM holder II showing details 
 The Holder-2 is a modified version of Holder-1. This holder was hollowed to house the 
triboprobe assembly.  The Holder-2 is made of three parts, Holder_back, Holder_middle and 
Holder_front (Figure 2.43). Holder_front is the portion where the specimen is held for 
observation. Holder_front and Holder_middle are fastened by means of two M1.6 screws. All 
the parts have a through hole of 7 mm diameter.  Holder_back and Holder_middle are 
assembled by means of a lock nut. The lock nut is adjusted in such a way, so that the axis of 
the guide-pin is perpendicular to the plane of the specimen Figure 2.43. Figure 2.44 shows 
the photograph of Holder-2. 
 Electrochemically etched tungsten probe is mounted at the very end of the Cu-Be 
extension. To give mechanical stability for the probe it has been mounted on the groove 
made on the Cu-Be sheet. Similarly electron transparent sample is mounted on a U-shaped 
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copper stub, which is mounted on the holder using a screw. In both the cases a tiny amount of 
super-glue is used during mounting. This arrangement is important to achieve rigidity in the 
system and to avoid the visco-elastic deformation glue during the operation. 
 
Figure 2.45: Photograph of triboprobe assembly and the TEM holder 
 
Figure 2.46: Photograph of in situ TEM triboprobe. 
 Figure 2.45 shows the triboprobe assembly with the TEM holder. This assembly is 
inserted into the holder to get in situ TEM triboprobe as shown in Figure 2.46. To improve 
the stiffness of the holder_front a Cu-Be stiffener is used. The stiffener helps to minimise the 
drift of the sample during translation of the TEM triboprobe inside TEM. This triboprobe is 
capable of performing indentation, sliding and reciprocating experiments on electron 
transparent sample. 
 The holder_front, which is the area of least cross section, is to be designed to withstand 
the compressive load caused due to suction of the holder into the vacuum inside TEM. The 
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vacuum inside TEM is around 10-5 Pa, and the outside atmospheric pressure is 1bar. Pressure 
difference = 1 bar – 10-10 bar = 1 bar = 105 Pa 
 This pressure acts over the O-ring of outer diameter 14 mm. Hence the area over which 
the vacuum pressure acts is 1.5386x10-4 m2. The suction load due to the pressure difference 
of 105 Pa acting over and area of 1.5386x10-4 m2 will be 15.38 N.  
 Due to the pressure difference of 105 Pa, the holder gets sucked inside the TEM. The tip 
of the holder rests on the locator inside TEM and the pressure acts axially on the holder. This 
causes an axial compressive load to act on the holder and the minimum cross section as 
shown in Figure 2.47 (AA), of the holder has to be designed to withstand this load.  
 
Figure 2.47: Holder front showing the thin portion at the specimen holding portion 
 In the development of the holder, it is critical to design the holder for the following 
• Vacuum compatibility 
• Non magnetic 
• Low thermal expansion  
 There different materials were considered for design are Non-magnetic stainless steel 
(Austenitic), Aluminum and Phosphor bronze.  
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 The yield strength of stainless steel (SS304) is 400 MPa. If steel is used, the member can 
carry a compressive load of 800 N. The yield strength of aluminum is around 300 MPa. An 
aluminum member of this cross section can carry a load of 600 N. The yield strength of 
Phosphor bronze is around 350 MPa. A phosphor bronze member of this cross section can 
carry a load of 700 N. The compressive load on the holder due to suction inside TEM is 
15.38N. It is seen that, all the above materials are capable of withstanding the axial 
compressive load due to suction inside TEM. 
 The holder is made into three parts and is assembled with screw and nuts. With frequent 
removal and assembly of the holder during testing, the threads of the holder will wear out 
fast if a soft material like aluminum or bronze is used. The holder has to be thermally stable. 
The coefficient of thermal expansion of aluminum is high (27µm/m-0C) compared to that of 
steel (15µm/m-0C). For a degree rise in temperature, and for a length of 20 mm (distance of 
specimen holding portion from locating point inside TEM), the thermal expansion will be 
540 nm for aluminum and 300 nm for steel.  
 Considering the wear characteristics, thermal expansion, ease of fabrication, and 
availability of material; non magnetic SS304 was selected to be the material for TEM holder. 
 Holder testing 
 Both the holders, Holder -1 and Holder-2 have been tested in a vacuum chamber and then 
tested inside TEM for vacuum. Following are the vacuum levels achieved during the tests. 
The holders were tested in a modified vacuum chamber (Figure 2.48) consisting of rotary and 
diffusion pumps. The vacuum chamber is modified to suit the holder. The chamber has a 
provision to mount the holder and to simulate the same geometrical conditions, as that exists 
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inside the TEM. The holders were tested continuously to hold vacuum for more than 24 
hours and no variation were observed in the vacuum readings. Both the holders were kept in 
vacuum inside the vacuum chamber for more than 24 hours, before putting inside TEM, so 
that the holders get degassed completely.    
 
 
Figure 2.48: Photograph of the vacuum chamber used for testing the vacuum compatibility of 
the holder 
 
 
 
 
2.6 Characterization of the TEM triboprobe 
The assembled triboprobe is evaluated for its performance both ex-situ under optical as 
well as in-situ in Transmission Electron Microscope (TEM). The various parameters that are 
measured are 
• Resolution and range of coarse positioner 
• Resolution and range of fine positioner 
 Vacuum  
Chamber 
Inside TEM 
Holder -1  7x10-6 mbar 3x10-7 mbar 
Holder - 2 7x10-6 mbar 3x10-7 mbar 
Table 2.4 Vacuum levels during testing of the holder. 
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• Dynamic stability  
• Thermal drift  
• Hysteresis and cross talk of fine positioner 
The maximum range of the coarse positioner is determined by applying the voltages to 
corresponding sliders and by observing the displacement under optical microscope. The 
displacement resolution and minimum step size were measured ex-situ using the optical 
displacement sensor [explained in section 2.2.3] and the performance was cross checked 
under vacuum in TEM. The range and resolution obtained is listed in table2.2. 
The performance of fine positioner is determined inside TEM by imaging the motion of a 
sharp tungsten tip attached to the fine positioner under high magnification. The displacement 
of the tip is obtained by tracking it in the video using cross correlation based image 
registration technique (explained in section 3.2.3). This procedure gives an effective 
resolution as that would be obtained in the in situ experiments. Alternatively, the resolution 
obtained with a Fabry-Perot interferometer set up [54] was limited by the resolution of the 
interferometer itself which is about 0.1 nm. 
 
Figure 2.49: High magnification TEM image of tungsten probe and AFM tip as sample 
Chapter 2                                                                              Development of TEM Triboprobe 
 
70 
 
Figure 2.49 shows the image taken under high magnification with an image resolution of 
320X240 pixels. The scale bar is 50nm and each pixel corresponds to 1.02nm. From the ex-
situ characterization of the tube piezocermic, (Figure 2.17) measured sensitivity is about 
9nm/V. The controller electronics used has 16 bit resolution that gives a smallest voltage step 
that can be applied as 4.1mV for a range of 270V. This would give a displacement resolution 
of 0.022 nm. The measured RMS noise of the high voltage amplifier is 5mV at 40V. 
However in TEM the smallest displacement that can be measured is limited by the vibrations 
of the tip, stability of beam and the pixel size of the recording camera. It has been repeatedly 
observed that a movement of 0.1 nm could easily be resolved under typical experimental 
conditions. 
Table 2.5 Range and resolution of coarse and fine positioners 
  Minimum step size (nm) Resolution(nm) Maximum range  
Coarse positioner X 100±10 100±10 5 mm 
Y and Z 100±10 100±10 ± 1.5 mm 
Fine positioner X > 0.1 >0.1 2 µm 
Y and Z > 0.5 > 0.5 ± 15 µm 
 
To study the effect of vibration on the mechanical stability of the triboprobe, the 
assembly is subjected to impulse loading (by tapping) and the displacement response is 
captured using a displacement sensor [section 2.2.3]. Figure 2.50a shows the impulse 
response of the assembly in air.  The oscillation amplitude developed because of the impact 
dies down within 70ms. The FFT analysis of the response (Figure 2.50b) shows only one 
predominant frequency corresponding to 305Hz. 
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a   b  
Figure 2.50: a) Impulse response of the assembly in air b) FFT analysis of the response 
 
Figure 2.51: Still frames from the TEM video at different time intervals during impulse 
loading. a) 0.00s b) 0.04s c) 0.08s d) 0.12s show the impulse response of the triboprobe. The 
structure has high mechanical stiffness and the triboprobe tip comes back to its original 
position in less than 0.12sec. 
 Similar experiment is repeated inside the TEM under high magnification. The impulse is 
generated by gently tapping the triboprobe. Figure 2.51shows the consecutive frames 
extracted from the video. In Figure 2.51a the tungsten probe is stationary and lying very 
close to the aluminium sample. When impulse is given (Figure 2.51b), tungsten tip vibrates 
(amplitude ~50nm) and its profile gets blurred (edge of the tip in Figure 2.51b & c is marked 
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with a straight line for clarity) and it comes back to its original position within next two 
consecutive frames. This implies that the oscillations generated because of tapping dies down 
within 0.12s. The video is captured at 25fps, which gives a time resolution of 0.04s. So the 
time resolution of the video is not sufficient to observe the finer details of the damping 
process. It should be noted that the value obtained from the TEM data (0.12s) is more than 
the value that is measured in atmosphere (0.05s). This difference in time could be attributed 
to the air damping taking place in atmosphere, where as in case of TEM experiments air 
damping effects are not present since experiments are carried out under vacuum. 
 
Figure 2.52: Plot of thermal drift 
To study the thermal drift, the tip of the triboprobe assembly is observed in TEM under 
high magnification and the movement of the tungsten probe is recorded using CCD camera 
under operating conditions. The displacement of the tip is obtained using tracking algorithm 
(explained in Section 3.2.3). Figure 2.52shows the plot of displacement of the probe tip with 
time. By fitting a straight line the drift value is determined and which is found to be 
0.06nm/sec with standard deviation of 0.24 nm. Peak to peak value of the free vibration 
amplitude measured from the Figure 2.52is about 1.2nm.  These measurements are routinely 
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carried out before every experiment and experiments are started only after the triboprobe has 
reached thermal equilibrium with the TEM and the drift rate is less than 0.1nm/s. Actual drift 
rate is recorded before and after each experiment. We have observed typical drift rates vary 
between 0.06nm/s to 0.2nm/s. 
It is observed from the Figure 2.20a&b that the displacement values from experiment at 
low applied voltages the piezoceramic response is linear. Above some threshold voltage 
(~40V) it deviates from the linearity. So it is suggested to use the tube piezoceramic in less 
than 40V for the linearity. Since the inertial-slider based coarse positioning system has the 
step size in the range of 0.1micron, the tube piezoceramic can be always operated under low 
voltages in its linear regime. 
The mechanical alignment of the piezoelectric tube translator with respect to the sample 
axis and the TEM optic axis is very coarse. Also the alignment needs to be changed 
depending on the sample mounting and the operating conditions of the TEM. Instead, the 
final alignment is always achieved electrically by carrying the proportion of the voltages 
applied to each of the quadrants. This enables precise alignment of the motion of the tip in 
the image plane as well as parallel to the edge of the sample. It is measured that we can 
achieve a deviation of less than 1 nm for a motion over 1µm. Figure 2.53 shows the 
movement of tungsten tip in X-Y plane. Black dots shows the location of the tungsten tip 
when the voltage of 40V applied uniformly to all the four quadrants of the tube piezoceramic. 
By applying proportional correcting voltages this trajectory can be made to conform to any 
required trajectory.  The red dots shows the trajectory of the tip when corrected voltages are 
applied for the desired trajectory of the black line parallel to the y-axis. 
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Figure 2.53: Plot of tungsten tip motion in x-y coordinates 
 
Figure 2.54: Variation of the displacement of probe with time (open circles).  The voltage 
applied to the piezoelectric tube is shown as continuous line 
To determine the accuracy and repeatability triboprobe in positioning sharp tip, the tip is 
made to move forward and backward in y-axis by applying voltage between 0-5V to the fine 
positioner at varying rates. The rate of increase of voltage is varied from 50V/s to 0.5V/s. 
The response tip is captured and measured displacement is plotted in the Figure 2.54. The 
voltage applied to the tube piezo-ceramic shown as continuous line (blue) in Figure 2.54. 
Different cycles in the plot correspond to different displacement rates. The tip exponentially 
reaches to the final position and it takes about 5s to reach the maximum position, after the 
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signal is held constant. The positioning accuracy at the initial and final position is determined 
by comparing the peak values of the displacements.  It is observed that the variation in the 
final position is about 1.1nm after 5sec. 
This triboprobe has the capability to carry out experiments with and without force sensor. 
A hinge based force sensors are used for the experiments and calibrated for their stiffness. 
The stiffness k of the force sensor is measured by indenting a cantilever of known stiffness 
instead of the sample in a separate set-up outside the TEM [54]. The displacement of the 
cantilever is measured with a heterodyne interferometer. The stiffness of the force sensor can 
be varied by varying the web thickness of the elastic hinges. The sensor was fabricated out of 
0.25 mm thick Cu–Be plate by photo-etching, with the photo mask applied to both sides. The 
typical stiffness of the sensor used is about 1800 N/m. The stiffness of the force sensor used 
determines the maximum load that can be applied by the system. If we use the high stiffness 
force sensors (3000N/m) the higher load can be applied where as lower stiffness (1800N/m) 
sensors helps to apply lower loads with high resolution in force. This means that, depending 
on the TEM magnification and the force sensor, forces as small as 0.1 μN can be measured 
[25]. 
Distinct advantages of this system are high mechanical stiffness (1800N/m), total 
displacement range (up to 5mm), less thermal drift and full control over the system instead of 
a “black box” (for instance the ability to explicitly correct for multi-axis cross-talk). Since 
the piezo based coarse positioner is vacuum compatible, it is lying very close to fine 
positioner and the sharp probe. So, long screw rod based positioning system [27] is 
eliminated in the present design. This in turn helps to increase the mechanical stiffness of the 
system and reduces thermal noise. This triboprobe is not only capable of carrying out 
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indentation sliding experiments but also continuous reciprocation experiments at different 
frequencies.  
2.7 Types of experiments 
 The in situ triboprobe is loaded with sample and the probe.  The probe is brought in close 
proximity of the sample (~2mm) using X and Y coarse positioners by observing tip of the 
probe under optical microscope (Figure 2.55). The Z position of the tip is adjusted by 
focusing the sample and the tip separately which helps to estimate the position of the tip 
relative to the sample. The tip is moved in + Z direction depending upon its position with 
respect to sample by exciting Z coarse positioner. Finally the tip and the sample were brought 
to the same focal plane. Then the holder is desiccated using vacuum chamber for 8 hours. 
The liquid nitrogen trap is used to achieve the vacuum of the order of ~10-6Pa. This ensures 
that any organic contaminants present on the tip, sample or on the holder will be removed. 
The pumping system is turned off and the holder is left in vacuum and removed only for 
carrying out the experiment in TEM. The holder is capable of carrying out two different 
kinds of experiments; they are indentation and sliding/reciprocation. 
 
Figure 2.55: Optical micrograph showing the relative position of tungsten probe and sample 
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a) Indentation 
      
Figure 2.56: Still images from the video demonstrating the coarse positioning of the probe 
inside TEM 
 The probe is brought near the sample inside the TEM using coarse positioners (Video 
2.1). Figure 2.56 a-c shows the probe has moved parallel to the edge of the sample and in the 
Figure 2.56 d the probe has moved towards the sample. Thus the probe is brought to the close 
proximity of the sample using coarse positioners. 
 
Figure 2.57:TEM micrograph of the probe and the sample after the coarse positioning 
 The region of interest is kept in focus inside the TEM, and the probe is move slowly 
towards the region of interest by applying lesser voltages to the coarse postioners. The probe 
is moved in + Z direction and brought to focus. The tip of the probe should be within the 
Chapter 2                                                                              Development of TEM Triboprobe 
 
78 
 
range of 2 microns from the sample. Figure 2.57 shows the tip of the probe and the sample 
both are in focus achieved using coarse positioners. 
 Further movement is introduced using tube piezoceramic. Same voltage is applied to all 
the four quadrants of the tube piezoceramic and the movement of the tip is observed using 
TEM without bringing the tip into contact with the sample. If the tip is not moving in straight 
line the correcting voltages should be applied to the other quadrants of the tube piezoceramic 
and linear motion should be ensured. The movement in a plane is also ensured in the similar 
fashion by observing the movement at higher magnifications. The focusing of the planar 
motion should be tested at a magnification, two times higher than the values at which the 
experiments are intended to be carried out. This ensures a precise definition of the focal 
plane.The tip is brought into contact with the sample and further indented to required depth 
by applying the voltages to the all the quadrants of the tube piezoceramic. The events taking 
place can be recorded (25fps) using CCD camera. 
b) Sliding/ Reciprocation 
 In case of sliding experiments also coarse positioning and the focusing of the tip is done 
in the similar manner explained in the previous session.  The relative position along the 
optical axis is determined by observing Fresnel fringes. The most difficult part of 
establishing the contact between the probe and the sample is to align the axes of the tip, and 
the sample. The plane of the motion of the probe also needs to be aligned with the plane of 
deformation of the sample else contact will be lost as contact load is increased.  The 
complete alignment is carried out manually by an iterative process. After the alignment the 
tip is brought into contact with the sample and sliding/reciprocating experiments can be 
carried out by applying single/multiple voltage cycles to the tube piezoceramic. 
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2.8 Conclusions 
 Experimental methodology to carry out dynamic nanoscale mechanical experiments 
inside TEM has been developed. This triboprobe has a high precision inertial slider based 
positioning drive for coarse positioning (<300nm) with large (5mm) range. This helps in a 
relatively low-voltage operation of tube piezoceramic. The performance of the shear 
piezoceramic inertial slider is optimised for its best performance. It is observed that the 
exponential increase and the sudden drop give the maximum step size.  
 Electron transparent sample preparation technique for in situ TEM studies and the sharp 
probe (tip) preparation techniques are standardised. Individual components involved in the 
development of the triboprobe is characterised and assembly to get in situ TEM triboprobe. 
This triboprobe is tested for its performance outside and inside TEM. The higher stiffness 
(>1800) of the triboprobe is the main advantage, which helps to perform indentation, sliding  
or reciprocating experiments at a wide range of normal loads on different samples. 
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Chapter 3 
3. In situ TEM Indentation Experiments 
3.1 Introduction 
 Nanoindentation is one of the techniques with which the contact deformation can be 
studied at asperity level [10]. In nanoindentation experiments geometrically well 
characterized asperity of a material with known properties (usually diamond) is brought into 
contact with the flat surface of the sample to be studied. Such experiments provide 
information about the material response to a single asperity contact by controlling the 
penetration depth of the indent. The conventional nanoindentaion studies are lagging behind 
to give real-time microstructural changes during the deformation. Traditionally TEM has 
been used to observe the materials at high magnification, long after the deforming forces are 
removed. Due to this the deformation which has taken place might have relaxed or the 
material might be further disturbed during thinning in to electron transparency. So it is 
important to study the deformation in real time, which can be achieved by in situ TEM 
indentation experiments. Development of in situ TEM triboprobe helps to overcome these 
limitations of the conventional indentation and has an advantage of deforming the material 
locally in a controlled manner and observing it in real time. 
In the past few years a number of in situ TEM nanoindentation holders capable of 
localized loading have been built and the material behaviour studied [22][24][25]. This 
technique has become promising tool for the study of deformation mechanics at nanometer
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scale. Recently, Lee et al [55] have studied grain and grain-boundary activities in alumina-
zirconia-magnesia composite, Zang et al [56]  observed the plastic deformation mechanics 
during in situ indentation in steel-Si single crystals. Kim et al [57] observed the phase 
transformation in austenitic steel using in situ TEM indentation.  
 This chapter reports the results of in situ TEM indentation experiments carried over on 
Al-Mg tribolayer and protruding silicon particle of Al-Si alloy. The tribolayer deformation is 
carried out using a tungsten probe without using force sensor for high stiffness. During the 
indention of tribolayer subgrains starts visible and subsurface cracks get generated and they 
join together, resulting in the delamination of material. 
 Protruding silicon particle was indented using a diamond probe, with force measurement 
using a hinge- based force sensor between tube piezoceramic and the diamond probe. During 
silicon particle indentation, initial elastic deformation is observed, when the penetration 
depth is increased the particle starts sinking into the aluminium matrix and a lateral crack 
gets generated within the particle and the growth of the crack results in the fracture of the 
particle. 
3.2 Deformation of tribolayer 
3.2.1 Introduction 
 The Aluminium has become ideal candidate for light weight applications due to its 
properties like high strength to weight ratio, corrosion resistance and recyclability. During 
the relative motion of the surfaces the surfaces get modified due to the mechanical and 
chemical changes of the material near the interface. This results in the generation of the 
tribolayer [7]. Tribolayers have different composition and property from the original 
material. The properties of tribolayer are very important because it determines the friction 
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and wear of components. The focus of this study is to understand the contact response of Al-
Mg (AA5754) tribolayer with a hard asperity (tungsten probe) by in situ TEM. 
 Suh [58] proposed delamination theory to explain wear particle formation during low 
sliding speeds. The delamination of materials is a result of several sequential and 
independent processes namely subsurface deformation, crack nucleation and crack 
propagation. This theory considers the physical metallurgy of the material. Experiments done 
on different systems by Suh and his associates, and also by others [59]-[61] validate the 
theory. Zhang [62] and Akarca [63] showed that under large strain conditions surface strain 
localization occurs below the contact leading to crack initiation and propagation through the 
material. Heilmann et al [64] showed that microstructure below the surface involves a 
dislocation cell structure and they suggested that the subsurface cracks would be parallel to 
the cell boundaries which develop at large plastic strain. Rigney [65] and co-workers 
proposed the deformation can also take place by cracks generated at the surface. 
 The first view on delamination tells that cracks initiating the failure start at the sub 
surface and propagate to the surface and second view tells that cracks start at the surface and 
then propagate inside to result in delamination. The present section tries to understand how 
the aluminium alloy tribolayer interacts with hard asperity in contact, how it deforms during 
loading, what leads to the delamination of the material? 
3.2.2 Experimental 
 The in situ experiments were carried out in JEOL 2000FX microscope with the help of a 
triboprobe-I that can mechanically probe the sample. The coarse positioning was achieved 
with a three axes compact inertial slider drive and the fine positioning was achieved with a 
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resolution of 0.1 nm through a four quadrant piezoelectric tube.  The stiffness of the drives is 
high to ensure a displacement controlled mode of operation with no feedback.  The stiffness 
of the tungsten probe was seen to be the deciding factor in overall stiffness measurements.  
 Figure 3.1 shows a schematic of the probe and sample in relation to the axis of the 
electron optics. The tungsten probe was moved along the x axis, perpendicular to the electron 
beam and the specimen edge, by applying a uniformly decreasing the voltages to the four 
outer quadrants of the piezoelectric tube. Small misalignment in the axis of movement of the 
piezoelectric tube was taken care by superimposing corrective voltages to two adjacent 
quadrants. By this, the movement of the tip was ensured to be in the focal plane and was 
verified with the help of Fresnel fringes at higher magnifications. 
 
Figure 3.1: Schematic of wedge shaped sample and tungsten probe 
 An electron transparent sample of dimension 4x3mm was prepared from the 
recrystallized 1 mm thick sheet of commercial grade AA5754 aluminum-magnesium alloy. 
The highly deformed electron transparent edges were obtained by holding the sample at a 
small angle (~ 2 degrees) while polishing in a precision polishing machine (Buehler Minimet 
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1000) as explained in the section 2.4.1(inclined polishing method). The mechanical polishing 
with 5 micron grit diamond abrasive simulates the mechanical wear process resulting in a 
tribolayer. 
 Tungsten probe was fabricated by electrochemical etching using “drop-off” method 
[section 2.3]. Etching results in a sharp tip of radius less than 100 nm, and it has been found 
that indenting with this tip results in a highly localised deformation [26]. To simulate a more 
realistic asperity we have bend the probe into a hook as shown in the schematic (Figure 3.1). 
The plastic bending of the tip of the probe was carried out in the TEM itself by moving the 
sharp tip against a ledge in the sample in a controlled manner. This resulted in a probe that 
has two principal radii of curvature of 500 nm about z axis and 1micron about the y axis at 
the point of contact with the sample.  
 
Figure 3.2: Bright field TEM image showing tungsten probe and sample. The dotted box is 
the area chosen to measure the displacement of the probe using cross correlation 
 Figure 3.2 shows the tungsten probe in close proximity to the electron transparent region 
of the sample just before contact. The tungsten probe is opaque to the electrons at 200 KeV 
and is seen with a dark contrast. The edge of the sample is electron transparent with the 
transparency decreasing into the bulk. The dark circular region could be a subgrain resulting 
from severe mechanical deformation induced during polishing.   
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 The probe is moved towards the sample at a constant rate of ~33 nm/sec by applying a 
constant rate of voltage to the piezoelectric tube for 4 seconds (Video 3.1). The voltage is 
held constant for about 19.66 seconds and the probe is moved back by reversing the voltage 
rate. The average voltage applied as a function of time to the inner electrode of the 
piezoelectric tube relative to the outer electrodes is shown a solid line in Figure 3.4. The 
whole process is captured digitally (25fps) using a side entry CCD camera (Gatan Erlangshen 
ES500W Model 782). 
3.2.3 Tracking using digital image correlation 
 Digital image correlation (DIC) is a technique for measurement of the relative 
displacements between two images. The technique is scale independent hence can be used in 
a variety of applications from studying movement of micro organisms to studying large 
objects, for instance, deployment of unfoldable antennas in space. The Digital image 
correlation technique relies on the existence of unique patterns on the surface under study. In 
this technique the location of a surface feature is tracked in several images by mathematically 
finding out the suitable match by comparing intensity values. The accuracy of the technique 
depends on the uniqueness of the features used for tracking and lighting. This technique has 
been used to measure strains fields and mechanical testing of electronic packaging materials, 
plastics and metals [66]. 
 In case of 2-dimension, displacement can be measured by means of image matching 
technique commonly known as cross correlation technique. This is also known as template 
matching or image registration. An image can be thought of as a matrix storing the intensity 
values corresponding to the light incident on the camera sensor; hence images can be 
compared based on purely matrix operations. By using normalised cross correlation matching 
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errors introduced due to intensity variation between consecutive images are minimized. This 
technique relies on tracking two sequential images to estimate relative motion of the part of 
the sample. 
 
Figure 3.3: Bright field images (a) and (b) showing the window chosen to measure the 
displacement of the indenter ‘d’ through various images 
 Tracking is carried out by identifying a small portion of the tip containing some 
distinguishing feature called as TEMPLATE MATRIX. In Figure 3.3, rectangle A1 is the 
TEMPLATE MATRIX and rectangle A2 is the BASE MATRIX. The TEMPLATE 
MATRIX (rectangle A1) defines the area whose position in the next image relative to its 
position in the reference image Figure 3.3a is to be calculated. The BASE MATRIX 
(rectangle A2) defines the area in the deformed image where the search for TEMPLATE 
MATRIX (rectangle A1) is carried out. The algorithm then searches the best match for the 
TEMPLATE MATRIX (rectangle A1) by searching for a matching area of equivalent size in 
the BASE MATRIX (rectangle A2). The cross-correlation coefficient is maximum when the 
template best matches the part in the next image. By knowing the position of these maxima 
the relative displacement‘d’ can be obtained. Sub pixel accuracy is obtained by bicubic 
interpolation of the location of the correlation peak. Figure 3.3a shows the position of the tip 
and sample before tip starts moving and Figure 3.3b shows the tracked position after 8.00s. 
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Tracking gives the X and Y coordinates of the tip at any point of time. The tracked 
displacement of the probe‘d’ is and shown by vertical yellow line in Figure 3.3b. 
3.2.4 Results and discussion 
 The actual movement of the probe is measured from the individual frames of the Video 
3.1. The position of a part of the probe (enclosed in the dotted box in Figure 3.2) in the 
consecutive frames is tracked with a cross-correlation based image registration technique as 
explained in the last section. The measured displacement of the tip relative to the sample is 
plotted in Figure 3.4. The size of the pixel was obtained through calibration of standard grids. 
 
Figure 3.4: Variation of the displacement of probe with time (open circles).  Distinct changes 
in the trend is observed corresponding to contact, crack nucleation, delamination and out of 
contact regions. The voltage applied to the piezoelectric tube is shown as continuous line 
 It can be seen from Figure 3.4 that when the probe is not in contact if the voltage on the 
piezoelectric tube is held constant, the position of the holder (oa) remains constant with no 
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appreciable drift. The measured drift rate was less than 0.2nm/sec over a period of 5 seconds. 
The probe starts moving as soon as the voltage applied starts changing. Till the probe comes 
into contact with the sample the displacement is proportional to the voltage applied (ab).  As 
the sample resists the penetration of the probe (bc), the probe deforms due to its finite 
stiffness. The probe continues to move even after the voltage is held at the constant value of 
7.7 V.  This could be due to relaxation of the sample as well as the piezoelectric material. 
The relation of the piezoelectric material is small as can be seen from the relaxation observed 
after the unloading at ‘g’ in Figure 3.4. 
 
Figure 3.5: Still frames from video sequence showing the events taking place during of 
delamination (a) just before delamination, (b) Delamination of the sample (c) Change in 
orientation of delaminated layer, (d) Position of probe and the sample after retraction, bright 
and dark lines represents the initial position of the sample and probe 
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 During the hold portion (ce) the sample is seen relaxing resulting in further movement of 
the probe even though the piezoceramic is not moved. Figure 3.5a shows the image just 
before delamination. At the time of about t= 8.92sec a small section of the material was 
found to get detached suddenly. This detached material then gets attached to the probe 
(Figure 3.5b) and is found to slowly rotate out of transparency (Figure 3.5c) in about 0.12sec. 
After this delamination-like material failure, the relaxation behavior of the probe changes and 
the probe moves by less than 4 nm in 15seconds. As the probe is moved out, it loses contact 
with the sample at the point f in Figure 3.4.  There is a distinct change in the displacement 
curve at that point. Figure 3.5d shows the position of the probe and sample after unloading. 
 
Figure 3.6: Sequential images showing the events taking place showing during contact. The 
enlarged (dotted rectangle in figure4 (a) view 
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 Figure 3.6 shows the contrast changes happening at different times a through d (as 
marked in Figure 3.4) in the sample close to the contact point. As the probe comes in contact 
(Figure 3.6b) it can be observed that there are finite changes in contrast in the sample. From 
Figure 3.4 at about the same time there is a finite change in the slope of the displacement 
curve.  Some of the contrast changes are localized like subgrain 1 and these could be 
resulting from the formation of sub grain either due to dislocation activity or through 
localized rotation. Some of these structures disappear at higher probe penetrations while 
others like sub grains 2&3 persists. 
 
Figure 3.7: Intensity profile showing the contrast changes taking place in the sample during 
the course. Intensity is obtained along the line ‘mn’ in figure 3.6 (d), each profile is shifted 
by 50units to have distinction 
 As the penetration increases, a halo like contrast is seen to develop on the one side (away 
from the probe) of these sub grains (Figure 3.6c and d). If the material around the sub grains 
2&3 gets separated then “out of focus” fringe would develop a halo. It can be said that a 
crack has been nucleated at the interface between the subgrain and the rest of the sample. The 
nucleation of this crack can be seen clearly from the intensity profile. Figure 3.7 shows the 
intensity profile across the subgrain 2, along the line ‘mn’ (Figure 3.6d). The line profiles at 
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the indicated times are displaced by 50 units along y axis. For reference the profile before 
contact is plotted as the thin line.  The profile starts deviating as soon as the indenter comes 
into contact with the sample.  The sample gets predominantly darker as the probe penetrates 
the sample. 
 A distinct trough develops corresponding to the subgrain 2 at 3.40 seconds suddenly. The 
width of this trough remains more or less constant till the nucleation of the crack. At 3.76 
seconds after the start of the probe movement the profile to the left of the subgrain 2 shifts to 
the bright side. The appearance of the halo is sudden in the sense that the maximum shift in 
profile of 10 units of intensity occurs within a frame. Once the crack is nucleated the width of 
the crack as well as the grain is found to increase monotonically till the delamination. 
 As in the probe is pushed into the sample the strain is initially accommodated through 
plastic deformation. The plastic deformation could result in the formation or the rotation of 
the subgrains.  At higher penetration, the crack is nucleated around the already work 
hardened subgrain.  Once the crack is nucleated, its propagation results in the relaxation of 
the load on the probe. The probe moves further into the sample due to the elastic spring back 
of the hook like structure.  Probably the crack is propagating along the thickness of the 
sample, along the Z-axis, as is evident from the increase in the width of the halo. The cracks 
behind the subgrains 2 and 3 join together resulting in a sudden delamination of the material 
(Figure 3.5b and 3.6d). The delaminated layer appears to be of uniform thickness and gets 
attached to the tip because of adhesion.  
 By current experiments, the characteristic of the progress of deformation of a tribolayer 
seems to be analogous to the classic 'delamination' approach to material removal in a tribo 
interaction. The in situ studies show the work hardened tribolayer like substrate developing 
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subgrain deformation, micro-cracks and material removal [67]. The current set of 
experiments focus on the interaction of a tribolayer with a probe, which we believe will 
simulate more realistically the nature of interface tribo phenomena. 
3.2.5 Conclusions 
 Our observation has correspondence to the macroscopic delamination wear. Delamination 
theory [58] explains the wear particle formation during low sliding speeds. The delamination 
of materials is a result of several sequential and independent processes namely subsurface 
deformation, void formation, crack nucleation, crack propagation and subsequent 
delamination of a sheet of material. From the current experiments it has been observed that 
during the indentation as the deformation builds up at the subsurface by the formation of 
subgrains. The further deformation is accommodated by subgrain rotation, finally cracks 
generates at the interface of the subgrains (subsurface), which propagates to form 
delaminated layer. The observation also brings out the advantages and the capabilities of in 
situ TEM experiments to observe the mechanisms involved in the evolution of wear 
phenomenon in real time. 
3.3 Indentation on Silicon particle                  
3.3.1 Introduction 
 High strength to weight ratio of cast Al-Si alloys provides an opportunity to the 
manufacturer to use them in light weight automotive applications [68] . The Al-Si alloys, 
when used in engine cylinders, the bore surface is etched or honed in some way to partially 
expose the Si particles to provide primary contact with the piston ring and certain regions of 
the piston itself. The etching causes the silicon particles to protrude out of the aluminium 
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matrix [69] and superior load bearing capacity is observed from the simulation studies [70]. 
During sliding tests at higher loads (5N) silicon particle undergoes fracture and became 
embedded in the Aluminium matrix [71]. Under actual engine running in conditions it was 
reported that formation of micron sizes angular silicon fragments intensified damage process 
by causing abrasive wear to engine cylinder surface [71], [72]. So the study the deformation 
mechanics of projected silicon particle in Al-Si alloy is of interest due to their engineering 
applications. 
 Insight of deformation and fracture characteristics of silicon particles can be gained 
through nanoindentation experiments. In conventional studies silicon particles are made to 
project out of the sample surface by etching aluminium, indentation or wear experiments 
were carried out on the etched specimen to understand the deformation mechanics. 
Nanoindentation studies show the formation of cracks within the silicon particle [73], 
fractured silicon particle during wear experiment [72]. The main limitations in these studies 
are they do not address the deformation mechanism of the silicon particle at the micro-
structural level which results in the formation of fractured silicon particles. The observation 
of micro-structural changes during the deformation in real time is lagging in conventional 
studies, which can be overcome with the help of in situ TEM indentation experiment.  
 This section focuses on the in situ TEM indentation of protruding silicon particle from 
Aluminium matrix. The different events taking place during indentation is analysed from the 
video and also from the load displacement curve which is obtained from the calibration data. 
It is observed that during initial loading the silicon particle undergoes elastic deformation. 
When the load is increased the particle starts sinking into the aluminium matrix. When the 
load is further increased a crack gets generated in the silicon particle and the particle 
Chapter 3                                                                      In situ TEM Indentation Experiments 
94 
 
undergoes fracture. The fragments generated by fracture event get further pushed into the 
matrix. 
3.3.2 Experimental details 
 
Figure 3.8: Schematic representation in situ TEM triboprobe-II 
The schematic of the TEM triboprobe-II is shown in Figure 3.8. The triboprobe-II is 
similar to triboprobe-I, in addition it consists of a hinge based force sensor between the fine 
positioner and sharp probe. Conducting diamond probe is mounted on the force sensor, 
diamond is used to probe the sample in this study since diamond is much harder than the 
alloy, probe tip will not deform at higher loads (contact pressure) and it doesn’t wear out 
easily. The normal load exerted on the sample can be estimated with the help of force sensor 
present in between the diamond probe and the fine positioner. The probe is already doped 
with boron to avoid the charging effects in TEM. The indentation experiments were carried 
out by applying a constant rate of voltage to the piezoelectric tube. The voltage is held 
constant for about 8 seconds and the tip is moved back by reversing the voltage. Electron 
beam coming from the z-direction is used to observe and image the interface using CCD 
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(25fps) camera inside TEM. After first indentation, the tip is brought out of contact and 
second indentation is carried out by applying larger displacement on the same silicon 
particle. 
 In the present study hyper eutectic Aluminium silicon alloy (Main constituents by weight 
% Si 13.2, Cu 2.3, Fe 0.13, Mn 0.32 and Al Remainder) was used. In this alloy silicon 
precipitates are found to be predominantly distributed in aluminium matrix and also two inter 
metallic phases Al15(Fe,Mn)3 Si2 and Al2Cu will be formed during solidification [74]. A 
Sample of dimension 3x3 with 1 mm thickness is obtained from the bulk sample using low 
speed saw. Further thinning of the sample is carried out by mechanical polishing by fixing it 
on a glass substrate using crystal bond wax. The surface to be indented is polished to mirror 
finish by using 0.5 micron diamond grit. The thickness of the sample is reduced to 
50 microns by precise mechanical polishing (Figure 3.9a). The sample is removed from the 
glass substrate, cleaned with isopropyl alcohol and the further thinned using focused ion 
beam (FIB) microscope.   
a   b  
Figure 3.9: a) Schematic representation n of mechanically polished sample (b) FIB 
micrograph showing the protruding silicon particle on the edge of electron transparent region 
of Al-Si alloy 
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 An electron transparent region (5x5x0.2 micron) was prepared using FIB [Section 2.4.2]. 
The mechanically polished sample is mounted vertically on to the stub. When the  sample is 
viewed under FIB, the silicon particles present on the surface appear as dark spots in the 
image. The aim of the present sample preparation method is to have the protruding silicon 
particle on electron transparent region of Al. So during milling care was taken to keep the 
Silicon particle region at the center. All the milling operations done using FIB (FEI Strada 
201 at IISc) operated at 30kV by progressively decreasing the current from 11.5nA to 2.7nA 
(Figure 3.9a). The final polishing operation is done with 1nA of current. To avoid the effect 
of beam broadening, +2 degrees of tilt is introduced between the sample and the beam in XZ 
plane during milling. This helps to achieve uniform thickness of the electron transparent 
region. Tilted view of the electron transparent sample is shown in the micrograph (Figure 
3.9b) showing protruding Si on the electron transparent region of Al-Si alloy. 
3.3.3 Force estimation 
The normal force exerted during indentation on the sample is determined with the help of 
force sensor present between the tip and the tube piezoceramic.  Figure 3.10 shows the 
schematic of the force sensor used in the experiment. It has a spring element which uses a 
four bar mechanism based on flexible elastic hinges [75], that ensures a linear motion of the 
indenter in the plane of the sensor. 
 Measurement of the deflection of the force sensor is obtained from the TEM images. In 
Figure 3.10, the hinges A, B, C and D form the basis of a four bar mechanism. Link AB is 
attached to the piezoelectric tube and the tip is mounted on link CD. During indentation link 
AB moves by δp, the amount dictated by the motion generated by the piezoelectric tube, 
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while link CD moves by δt which depends on the indentation forces. If k is the stiffness of the 
force sensor then the force F is given by 
 
 The stiffness k of the force sensor is measured by indenting a cantilever of known 
stiffness instead of the sample in a separate set-up outside the TEM. The stiffness of the force 
sensor can be varied by varying the web thickness of the elastic hinges. The sensor was 
fabricated out of 0.25 mm thick Cu–Be plate by photo-etching, with the photo mask applied 
to both sides of the plate. The stiffness of the sensor used in the current experiment is about 
1800 N/m.  
 
Figure 3.10: Schematic of the force sensor based on four flexible hinges marked as A–D 
[25]. These hinges form a four bar mechanism that ensures the indenter moves in a straight 
line with respect to the piezoceramic 
 The sample is loaded on to the triboprobe as shown in the experimental configuration 
[Figure 3.8].The tip is brought into contact and moved into the sample in a displacement 
controlled fashion.  The displacement of the tip in the video is tracked using the tracking 
p tF = k ( δ  - δ )--------------(3.1)
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algorithm. The displacement normal to the sample (x-direction) is plotted against time (d- δt) 
in the Figure 3.11. The free movement of the tip is tracked from another set of video by 
applying the same voltage as that of the experiment to the tube piezoceramic. The free 
displacement is plotted in continuous line and the dotted line represents the displacement of 
the tip in contact. It is observed that the slope of the dotted curve remains the same, till the 
tip comes into contact with the sample. Once the contact is established the slope of the curve 
changes since the free movement of the tip is restricted by the sample. The slope of the curve 
depends on the response of the material for indentation. 
  
Figure 3.11: Displacement Vs time plot for indentation 1 and indentation 2 
  
Figure 3.12: Load Vs penetration plot during two different loading half 
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 The differences between the free displacement and in contact displacement are 
measured. The normal force is estimated by multiplying the differences in the displacement 
with the stiffness of the force sensor using equation 3.1. Figure 3.12 shows the load 
displacement plot for indentation 1 and indentation 2 during loading half. 
3.3.4 Results and discussion 
 Figure 3.13 shows the load displacement curve for the indentation 1 on the silicon 
particle. As soon as the indenter comes into contact with the silicon particle, the load 
increases with the displacement up to a penetration depth of 80nm (a-b in Figure 3.13 ). 
When the displacement is further increased beyond the point ‘b’, there is a gradual decrease 
in the load (region b-c in Figure 3.13) and the load decreases to a value 100µN. The tip is 
held at the same position for 10sec at the point ‘c’, the tip is retracted back and brought out of 
contact from the silicon particle. 
 
Figure 3.13: Load Vs penetration during indentation 1 
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Figure 3.14: Still images at different intervals during indentation 1 
Figure 3.14 shows the still images obtained from the recorded video corresponding to 
various positions in load-penetration curve. Initially aluminium matrix surrounding the 
silicon particle probably undergoes elastic deformation. When we compare the images Figure 
3.14a and d there is a significant change in contrast is observed at the top of the particle. This 
could be due to the deformation of some loose material attached on the top of the particle 
which might have deformed by the diamond probe during indentation. During unloading, the 
elastic deformation which had taken place during loading relaxes. When the edge profiles of 
b and c are compared, it shows very small sink in of 3 pixels corresponding to 15nm.  
However, slipping of the probe is not observed in these experiments. 
 After the completion of the first indent, the diamond probe is brought into contact again 
with the silicon particle at the same location and indented again for a depth of 290nm (Video 
3.2). Figure 3.15 shows the load displacement response during indentation2. The initial 
loading part (portion a-b) is similar to that of the indentation1. When the load is increased, 
the particle starts sinking into the aluminum matrix which is confirmed by the still images 
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extracted from the video. A distinct slope change is observed corresponding to the sinking 
action as shown in Figure 3.15. 
 
Figure 3.15: load Vs penetration during indentation 2 
 The silicon particle undergoes elastic deformation till the penetration of 60nm. As the 
penetration is increased the particle starts slowly sinking (point ‘b’). When the penetration is 
increased further, the interface between silicon particle and the matrix may act as the weakest 
link, the particle starts sinking at higher rate into the matrix. This gives a slope change in the 
load displacement behaviour at the point ‘c’, the pressure exerted by the particle on the 
aluminium matrix is estimated and it was found to be 0.5GPa. When the displacement is 
further increased a distinct jump is observed in the load displacement curve at the point‘d’. 
Still frame extracted from the video shows the generation of a crack within the particle 
Figure 3.16. A white halo is observed within the Si particle.  When the displacement is 
increased the crack which is formed becomes clearer. One more distinct jump is observed in 
the load-displacement curve (point‘e’) corresponding to the fracture of the silicon particle. 
The fractured particles further sink into the matrix when the penetration depth is increased. 
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Figure 3.16 shows the still images extracted at different time intervals during 
indentation2. Sinking action of the particle can be seen in Figure 3.16c, crack initiation is 
seen as a white halo in Figure 3.16d, and the crack generated resulting in the fracture of the 
silicon particle can be seen in Figure 3.16f. The fragments generated by fracture starts 
sinking into the matrix in Figure 3.16g-h. Figure 3.16i shows the indented silicon particle 
after the load is completely removed. 
 
Figure 3.16: Still images showing different events taking place during indentation 2. Local 
contrast has been enhanced for clarity in Figures d, e and f 
 Our observations give the real time evidence for the different mechanisms taking place 
during indentation of silicon particle. The overall response of the indentation of silicon 
embedded in aluminium matrix may thus be constructed as initiated by elastic response of 
silicon. After the elastic response the silicon particle, the particle acts as a flat punch 
indenting into aluminium matrix. At a critical load, the slope of the loading curve is reduced 
when the particle starts sinking (Figure 3.17 point-b). 
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Figure 3.17: load Vs penetration during indentation 1&2 
   The contact pressure exerted by the silicon particle on the aluminium matrix at the 
beginning of sinking is calculated and is found to be 0.3GPa, which is greater than the matrix 
yield strength 0.1GPa. The maximum pressure exerted by the silicon particle on the 
aluminium matrix is estimated to be 0.5GPa at the point ‘c’. At this pressure the particle 
starts sinking at higher rate, the interfacial bonding between the aluminium and silicon might 
have broken which may be resulting in the decrease of load (portion c-f). During sinking, the 
continued displacement of the tip results in the generation of lateral crack in the silicon 
particle. The lateral crack grows and finally results in the fracture of the silicon particle. 
Distinct jumps were observed corresponding to the crack generation in silicon particle and 
fracture of the particle. 
The data obtained in our experiment is compared with the ex-situ experiments carried out 
by  Mahato et al [76]. It is reported that the stress under which sinking of silicon particle 
takes place is 0.4GPa which is comparable to our result (0.3GPa). Lateral cracks during ex-
situ indentation of silicon particle were observed by Rahi et al [77] and Bhattacharya et al 
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[78]. The average fracture stress of silicon found to be 2.8GPa with a maximum observed 
vale of 6.9GPa [79]. It is also reported that the fracture strength of mechanically lapped 
silicon varies between 0.3-0.4GPa [4]. In the current experiment the maximum contact 
pressure exerted by diamond probe to the silicon particle is estimated to be 0.5GPa. So, as 
the displacement of the diamond probe is increased, the stress on the silicon particle was 
sufficient to generate a lateral crack which resulted in the fracturing of the silicon particle. 
3.3.5 Conclusions 
 Initial deformation is accommodated within the silicon particles itself by undergoing 
elastic deformation. Once the displacement is further increased the contact area of the probe 
with the silicon particle increases, the particle starts indenting the soft aluminum matrix 
results in sinking of the particle into the aluminium matrix. Similar behaviour is observed 
during second indentation also. As the displacement is further increased, after the particle 
starts sinking, a lateral crack was observed and the growth of the lateral crack resulted in the 
fracturing of the silicon particle. The further displacement resulted in the sinking of the 
fragments generated by fracture. 
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Chapter 4 
4. Sliding Experiments in TEM 
4.1 Introduction   
 When two contacting bodies move relative to each other, the interaction takes place 
between the peaks of the surfaces called as asperities. It is important to study the interaction 
taking place at the asperity level for better understanding of the macroscopic friction and wear 
behaviour. In any practical situation involving two solids coming close to each other, contact 
is established at different locations depending on the geometry of the solids. For example, an 
ideal sphere will establish contact with an ideal flat surface at a point, while cylinder will 
establish contact over a line.  In real life things are different because, the solid bodies deform 
and the geometry is not perfect.  Deformable bodies establish contact over an area rather than 
a point or a line. 
 A variety of phenomena takes place in any practical contact interface. These phenomena 
that affect the way in which the contacts behave are quiet complex. Understanding all those 
phenomena, to the extent that gives a predictive capability, has been a long standing objective 
of tribologists. Typically, all these phenomena are lumped together in either coefficient of 
friction or coefficient of restitution. Friction is an average manifestation of many individual 
microscopic interactions. Depending on the system, the dominant mechanisms and the scale 
of these interactions will vary. For example, in metallic contacts, adhesion and plasticity have 
been used to explain the friction phenomena [13], [80]. The asperity level individual
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interaction will depend on the local geometry and the material behavior. The scale of the 
asperity will also determine the mechanism of the energy dissipation of friction. 
 Asperity level interaction can be studied with the help of microscopes. Atomic force 
microscopes have been used to perform contact measurements and characterize contact 
conditions. However they have not been able to “see” the interface. Traditionally TEM has 
been used to observe the materials at very high magnification, long after the deforming load 
and stresses are removed. The material is further disturbed while thinning it to electron 
transparency. Therefore, various types of in situ TEM techniques have been developed by 
many researchers in last decade or so, by accommodating different probe like STM [24], [81], 
AFM [81], [23]and Nanoindentation [21], [22], [25]in  TEM. All these techniques use a probe 
that is brought into ‘contact’ with an electron transparent sample. The interface is viewed in 
the TEM as the contact is taking place under the electron beam and the probe will measure 
simultaneously either electrical (STM) or mechanical (AFM, Nanoindentation) signals. Single 
asperity plastic contact has been studied through indentation by Bobji et al [26], and Minor et 
al. [82]. Merkle et al. studied the sliding interaction between gold and tungsten [83]. 
 In situ TEM sliding experiments were carried out using the developed triboprobe I. The 
effect of the support stiffness on the tribological experiments has been well documented [84]. 
This triboprobe was designed specifically for high support stiffness such that sliding 
experiments can be carried out at higher contact loads. This chapter reports on our attempt to 
carry out AFM type of sliding experiment inside a Transmission electron microscope (TEM) 
enabling direct visualization of the contact at high resolution in real time.   
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4.2 Experimental details 
 A schematic representation of the in situ TEM triboprobe for carrying out sliding 
experiments is shown in Figure 4.1. The positioning mechanisms have been explained in the 
developmental section (section 2.2).  Force sensing element has not been used in between the 
tungsten probe and fine positioner. This results in a stiffness much greater than 1800 N/m 
achieved earlier along y– axis. 
 
Figure 4.1: Schematic diagram of in situ TEM holder, AFM tip is used as the sample and the 
tungsten probe is used to study the sliding interaction with the tip 
 The contact probe is prepared by chemical etching of 0.1 mm diameter annealed tungsten 
wire [48] and is mounted at the end of the piezoelectric tube. For the sample a silicon nitride 
tip mounted on a commercial AFM cantilever (Veeco, OTR8-35) is used. The stiffness of the 
cantilever could be varied by choosing a different cantilever, and the current studies were 
carried out on a cantilever with stiffness of 0.15 N/m as given by the manufacturer. Once the 
holder is loaded in the TEM, the thermal equilibrium is achieved by leaving it in the operating 
environment for about six hours. Focusing of the electron beam on the sharp objects, inside 
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the TEM, results in deposition of amorphous carbon [85]- [87]. A uniform layer of carbon was 
allowed to form on the sample and the probe. 
 Figure 4.2 shows the tungsten probe and the AFM cantilever as captured by the side entry 
CCD camera at low magnification. The probe is moved near the cantilever using the 3-axis 
coarse positioner. The control software has the ability to define the motion along any 3-D path 
[67] and we have used this ability to define the normal and tangential motion of the probe to 
be in the focal plane of the electron optics.  
 
Figure 4.2: TEM micrograph of tungsten probe and the AFM cantilever at low magnification 
showing the orientation of the AFM tip with respect to tungsten probe 
 Typical experimental procedure involves bringing the probe and the sample close with the 
help of the inertial sliders by observing them at progressively higher magnification. Once the 
probe is within 500 nm of the sample, it is brought into contact slowly by controlling the fine 
positioner.  The electron optics is controlled to bring the sample in focus at a magnification 
that is two times higher than the values at which the sliding experiments are intended to be 
carried out. This ensures a precise definition of the focal plane. The probe is then made to 
approach the sample by adjusting the voltages applied to the four quadrant piezoelectric tube. 
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The relative position along the electron axis is determined by observing Fresnel fringes. The 
most difficult part of establishing the contact between the probe and the sample is to align the 
axes of the probe, and the sample. The plane of the motion of the probe also needs to be 
aligned with the plane of deformation of the cantilever else contact will be lost as contact load 
is increased.  The complete alignment is carried out manually by an iterative process. 
 
Figure 4.3: TEM image of AFM tip and the tungsten probe in contact. A uniform layer of 
carbon coating is observed as a light contrast in the image 
 The dark portion at the bottom of the Figure 4.3 is the tungsten material and the 
surrounding light contrast is due to the amorphous carbon. The Silicon nitride tip of the 
cantilever is not seen in the figure and part of the 70 nm thick carbon coating is seen.  The 
sliding is thus occurring between two amorphous carbon films and we do not observe any 
permanent damage to the films in this study. Other studies have shown that it is possible to 
break the carbon film at higher loads [87]. 
 To simulate sliding the probe is moved in lateral direction (Y direction). Starting from the 
right hand corner in Figure 3 the probe is moved to the left at a constant rate by a distance 1.2 
micron.  This ensures that starting far away from the sample, as the probe moves laterally it 
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comes into the influence of the attractive interaction of the sample which then snaps into 
contact, the probe slides past sample and then the AFM tip snaps out of contact. The sliding 
experiments were repeated at three different sliding speeds and the whole process is recorded 
as a video using the CCD camera. 
4.3 Tracking 
 The actual movement of the probe and the sample is obtained from individual frames from 
video. A selected portion of the probe or the sample is tracked with a cross correlation based 
image registration technique [26]. The accuracy of the tracking depends on the features 
selected and its contrast. It has been observed that for a good tracking accuracy the selected 
features need to have both horizontal and vertical edges.  Since it was difficult to find such an 
area, an alternative method has been developed. 
 
Figure 4.4: Contour map of the normalized cross-correlation matrix of a rectangular portion 
A1 in figure 4.5 
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 Figure 4.4 shows the contour map of the normalised cross-correlation matrix of a 
rectangular portion (rectangle A1 in figure 5) of a frame in the video with the enclosing bigger 
rectangle (A2) potion of the next frame.  The maximum is where the perfect match occurs the 
position of the maxima gives the relative displacement of the selected feature (A1) between 
two frames. It can be seen that the fidelity in determining the position along the horizontal 
axis is higher because of the higher number of the contour lines per unit length than along 
vertical axis. Thus a vertical edge can be used to determine the horizontal location of the 
feature accurately while it will be error prone in the vertical direction. Similarly a horizontal 
edge is best used to determine the vertical position. We have thus used two different parts of 
the object (rectangle A1 & B1 in Figure 4.5) to improve the accuracy of the tracking 
algorithm. 
 
Figure 4.5: Still frame from video sequence during sliding, the rectangular regions which are 
used for tracking is marked 
 Figure 4.5 shows a frame from the sliding video. The smaller rectangles A1 and B1 show 
the features predominantly vertical and horizontal edges that are being tracked. The bigger 
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rectangles A2 and B2 are the area within which the features are being searched in the next 
frame. The size of the A2 & B2 should be greater than A1 & B1 respectively by at least the 
expected displacement in the frames within which the feature is being tracked.  Larger size of 
A2 and B2 would mean higher computation cost.  The black curves c1 and c2 is the path that 
is traced by the AFM tip. 
4.4 Results     
4.4.1 Snap in and snap out during normal loading  
 Once the alignment is achieved then the probe and the sample could be brought into 
contact. Figure 4.6 shows the shows the different stages during normal approach and 
retraction (Video 4.1).  The sample jumps to contact as the probe is approached at 25 nm s-1 
rate when the gap between them is 5nm. After that the sample and probe moves together with 
no relative displacement between them. During retraction of the tungsten tip the AFM tip 
remains in contact and the tungsten tip had to be pulled more to bring the AFM tip out of 
contact. 
a   b   c  
d   e   f  
Figure 4.6: Still frames from video sequence during normal approach(a-c) and retraction (d-f) 
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 The force exerted on AFM tip versus separation distance between the tips is plotted in the 
Figure 4.7. The plot obtained is similar to normal AFM force-distance curve. The two lines 
trace the force felt by AFM tip, black line as the tungsten tip approaches the AFM tip and red 
line as tungsten the tip is retracted from the AFM tip.  A small dip on the retracting curve is 
observed due to adhesion between the surfaces.  
 
Figure 4.7: Force Vs separation distance of AFM probe during approach and retraction 
4.4.2 Sliding experiments 
a   b   c   d  
Figure 4.8: Still frames from video sequence during lateral sliding from right to left 
 When the tungsten probe is far away from the silicon tip, say on the right hand side in 
Figure 4.8a, it is not in contact with the AFM probe. As it is moved laterally (Py) Figure 4.8b-
d, along the y-axis (Video 4.2), it comes into contact with the silicon tip of the AFM probe, 
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and causes the cantilever to deflect along positive x-axis (tx). This deflection is plotted in 
Figure 4.9. The displacements Py and tx are obtained by tracking of particulars features in the 
probes through cross-correlations. 
 
Figure 4.9: Typical profile obtained by tracking AFM tip and the tungsten probe 
 In Figure 4.9 the vertical displacement of the AFM tip is plotted against the horizontal 
displacement of the sliding tungsten probe with sliding velocity of 6.9nms-1. The resulting 
curve is the line profile that would have been obtained from a contact AFM in a constant-
height mode of operation. The line profile is the geometry of the sample convoluted with the 
geometry of the probe [88].  The probe starts moving from the right hand side [Figure 4.8] and 
encounters the AFM tip after a displacement of about 200 nm along y-axis. Once in contact 
the AFM tip moves along the x direction [Figure 4.9], as the probe slides past it. After 
reaching the summit, as the probe moves past the AFM tip starts moving in the negative x- 
direction while maintain the contact. It moves beyond its neutral position by about 12 nm. As 
the contact is broken the tip snaps-out back to its neutral position.   
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 This snap-out distance has been found to vary with the speed of sliding and the direction 
of sliding [Table 4.1]. The snap-out is taking place because of the attractive interaction 
between the probe and the AFM tip. The cantilever is responding to a component of this force 
resolved along the x-axis since the stiffness in the perpendicular direction is very high. The 
adhesive pull-off force is easily obtained by multiplying the snap-out distance with the spring 
constant of the cantilever (0.15 Nm-1). As can be seen from the Table 4.1, the pull-off forces 
are found to vary not only with the sliding speed but also to the severity of the contact forces. 
At higher speeds the time for which the AFM tip remains below its neutral position is short 
and due to the limited speed of the video recording (25 frames per sec) the snap-out could not 
be measured. 
 
Figure 4.10: Line profile for two different sliding speeds of 2.6 and 6.9 nmsec-1 obtained by 
racking the video 
 Figure 4.10 shows the line profile for two different sliding speeds of 2.6 and 6.9 nms-1. It 
can be seen that there are only minor differences between the two. This means that there is no 
change in the shape of either the probe or the sample. At lower AFM tip displacements (< 150 
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nm), the profiles are matching perfectly and at higher displacements we see some deviations. 
Higher displacement of the AFM tip means higher contact force and the deviation seem to 
indicate that there are local deformation due to the contact forces. 
 The contact forces can be easily obtained from F = kc * tx, as the stiffness of the cantilever 
( kc ) is known  and its deflection (tx) can be obtained from Figure 4.9.  At the summit the 
contact force is maximum and is measured to be about 40 nN. At this point the contact width 
was measured to be 70 nm giving a contact pressure of 10 MPa. It should be noted that the 
electron beam condition used for imaging is not optimum to observe the edges and hence the 
contact width measurement is not very accurate. 
 
Figure 4.11: Line profiles measured at 45nN load showing the taller line profile with 
increasing speed 
 To confirm that the carbon film of the probe and the sample are deforming the contact 
load is increased by moving the tungsten probe along the positive x direction [Figure 4.5]. 
This changes the interference between the probe and the AFM tip and determines the 
maximum displacement of the cantilever.  Experiments at three different sliding speeds have 
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been carried out for two maximum contact force values of 40 nN and 45 nN.  At a higher load 
of 75 nN, the AFM tip deflection was so high that it moved out the field of view and thus the 
line profiles could not be obtained throughout the length of the sliding. Figure 4.11 shows the 
crest, corresponding to the asperity indicated in Figure 4.3, of the line profiles measured at 
45nN load. As the speed is increased the line profiles are becoming taller indicating that the 
deformation is reduced at higher speed.  This trend has been observed on the reverse profile as 
well. This implies that the films are becoming rigid at the higher speed. The deformation 
seems to be reversible since the profile remained identical when sliding was repeated. This 
implies that the material is becoming stiffer at higher strain rate. 
 
Figure 4.12: Comparison of the line profiles obtained while the probe is moved in forward 
(from left to right) and reverse directions at a constant sliding rate 
 Figure 4.12 compares the line profile obtained while the probe is moved in forward (from 
left to right) and reverse directions.  It can be seen that the profiles match perfectly at lower 
contact loads (lower tx). At higher contact loads the profile obtained during the reverse sliding 
is thinner. At higher loads the fiction force is higher and this would result in the tilting of the 
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cantilever. From the images obtained at the maximum load, the rotation in the AFM tip 
between the forward and reverse direction is about 0.5o. From simple strength of materials 
approach [89] this can be shown to give a coefficient of friction of 0.2 for the cantilever 
geometry used. 
4.5 Discussions 
 When two probes approach each other, there is an attractive van-der-Waals force between 
them resulting from the interaction of the dipoles present in all the atoms / molecules of the 
probes (see the following section for details).  The AFM probe is mounted on a cantilever of 
stiffness 0.15N/m that is much lower than the stiffness with which the tungsten probe is held. 
An instability results because of this, leading to the snap-in behavior during approach, a snap-
out behavior during retraction. 
 When two nominally rough surfaces come into contact with each other the contact is 
established at a number of places depending on the normal load between them. The real area 
of contact which is the sum of area of all the contacting islands is a very small fraction of the 
apparent area [1].  As one surface starts sliding over the other, the real contact area remains 
nearly constant while the number of contacting island and their spatial distribution changes 
continuously. The asperities which were in contact with each other lose contact while new 
asperities come in contact. The current experiments simulate the behaviour of one of the many 
contacting asperities through a contact cycle.  
 Figure 4.13 shows a schematic of the rough surfaces in contact. The inset shows enlarged 
view of two asperities that are going to interact with each other. As the surface A moves 
towards the left the asperity A1 will come in contact with the asperity B1.  The exact location 
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at which the contact will occur will depend on the interference, h between the asperities. This 
interference will be determined by local geometry as well as the global contact distribution at 
the time and the normal load. 
 
Figure 4.13: Schematic diagram of two rough surfaces (A and B) in contact is shown.  The 
contact two asperities that are going to interact with each other are shown in the inset 
 As the asperities come into contact with each other they will come under the influence of 
the electrostatic and van der Waals forces. Depending on the local stiffness the asperities will 
jump-to-contact [90]. We do not observe this snap-in in most of the cases in the current 
experiments. In one instance when the probe was moving at 2.6 nm/sec in the reverse 
direction a snap-in was observed when the gap (si) between the probe and the sample was 8 
nm.  The amount of energy lost, Ei due to this would depend on the average interaction force 
and the snap-in distance. 
 Once the asperities come into contact, they can either slide over each other as observed in 
these experiments or they can deform plastically or otherwise, dissipating energy or both can 
happen. The exact nature of this interaction would be dependent on the geometry and the 
material properties of the asperities.  Another important parameter that will determine the 
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interaction nature is the stiffness with which these asperities are supported.  This stiffness will 
depend on the contact stiffness of all the other contacting asperities.  It has been assumed that 
the normal load between the surfaces is kept constant allowing the mean separation between 
the surfaces to vary.  The stiffness of the cantilever in our experiment is thus indicative of the 
contact stiffness. The contact stiffness will vary as the surfaces slide against each other. 
However it is easy to see that variation in the stiffness during the short time when two 
asperities under observation are interacting. 
Table 4.1 Variation of snap out distance with sliding speed. 
Video No Penetration (nm) Speed (nm/sec) Forward snap-out (nm) Reverse snap-out (nm) 
1 260 2.6 5.7 62.8 
2 260 6.9 11.4 57.1 
3 260 10.9 17.1 4 
4 300 2.6 21 11.4 
5 300 6.9 23 46 
6 300 10.9 __ 54 
 By varying the stiffness of the AFM cantilever it should be possible to simulate the 
different types of interaction experimentally. As the asperities break the contact, the adhesive 
forces result in a snap-out dissipating energy, Eo. The snap-out distance so would be predicted 
by the JKR and DMT theories [91].  The snap out distance measured in our experiment is 
tabulated in Table 4.1. It can be seen that it depends strongly on the direction of sliding 
indicating that the local geometry of the asperity probable play important role in determining 
the adhesive force.  The order of magnitude of the energy dissipated would be given by,  
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Eo = Fadh so = k so2 
The total energy dissipated during a single sliding experiment would be E, 
E = Ei + Ffric*so + Eo 
The middle term is the work done due to the sliding friction between the probe and the 
sample.  This energy is dissipated by two asperities sliding past each other [Figure 4.13]. If lasp 
is the mean distance an asperity has to travel before encountering another asperity, this energy 
loss can manifest itself as a fraction of the macroscopic frictional force of  
F=E/lasp.  
Thus if snap-out distance is known then we can determine the component of the adhesive 
interaction between the asperities in the macroscopic friction. 
It should be noted that in case of AFM experiments the interaction is being measured 
between AFM tip and the sample. Where as in case of TEM studies the interaction between 
the tip and the sample becomes complicated due to the presence of electrons from the electron 
beam used for imaging.  The presence of these electrons will lead to the charging of the 
tungsten tip and AFM tip, which may lead to the attractive or repulsive interaction between 
the tips. When proper grounding is established for both the tips the charging effects may be 
minimized but from our experiments it has been found that the tips can never be neutralized 
completely. This could possibly because of presence of thin non-conducting oxide layer on 
the surface. Charging of the tips coupled with the van-der-waals interaction complicates the 
nature of load displacement curve. 
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4.6 Conclusions  
 An experimental methodology to simulate the single asperity contact in a sliding contact 
between two nominally flat surfaces has been developed.  The experiment allows direct 
visualization of the contact under high magnification in a TEM. Analysis methodology has 
also been developed to get quantitative information from the large voluminous video output. 
Preliminary experiments at nanoscale with an AFM cantilever show that the snap-out contact 
instability can be observed during sliding interaction. The instability occurs even when the 
compliance is predominantly in the direction perpendicular to the sliding direction.  The snap-
out distance seems to depend on the local geometry of the contact. 
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Chapter 5 
5. Reciprocating Experiments in TEM 
5.1. Introduction 
 Direct observation of the dynamical events at the reciprocating contacts will help in 
deciphering the mechanisms of friction and wear. The friction and wear processes are affected 
by the dynamic events taking place at the interface of the two contacting bodies in motion. 
The visualization of these events at micrometer [14]-[16] scale and at nanometer scale [92]-
[94], will help in understanding the mechanisms that are responsible for the energy dissipation 
and material loss. The triboprobe has the capability of carrying out reciprocating experiments 
in TEM which can be used to study the interface dynamics during reciprocation under high 
resolutions. 
 Aluminium Silicon (Al-Si) alloy is used as test specimen in the present study. Automotive 
engine parts are made by Al-Si alloy due to its high strength to weight ratio and good wear 
resistance. Engine blocks of hyper eutectic AL-Si alloy have been developed since 1970s [68]. 
During their service the main concern is sliding interaction taking place at the interface which 
results in the wear of material. Considering the materials aspects, understanding how the 
microstructure of the material changes in a two-body contact surface and the ‘third body’  
wear debris is generated as two surfaces slide across one another is vitally important,   since 
the damage and wear that can occur will completely change the material behaviour such as 
friction and adhesion. Various laboratory scale wear studies have been conducted to study the
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 wear of Al-Si alloy in mild wear (MW wear rate 10-4 to 10-2 mm3/m) [74], [95] or severe 
wear (SW > 10-2 mm3/m) regime [95]. It is important to operate the Al-Si blocks in ultra mild 
wear (UMW) condition for their durability as engine cylinders. Conventional mass-loss 
experiments are not suitable for estimating the UMW because very small quantities of 
material gets removed and it takes long time to see the detectable mass loss during the 
experiment [74].  Also in these post mortem studies one has to consider that the interfacial 
region might have changed from the original contacting condition and the mechanism which 
has taken place during the interaction could have been relaxed. Interpretations from the post 
mortem analysis might not be fully correct and also it is lagging behind to give real time 
information about the interaction. So it is important to observe the interface during 
reciprocation for better understanding of the wear mechanics. Understanding wear mechanics 
of Al-Si alloy is essential for the development of light weight automotive engines. 
 This chapter reports the reciprocating experiments carried out   in situ in a JEOL 2010 
TEM using triboprobe-II [96]  to elucidate the mechanisms of the formation of nanoscale 
wear debris by reciprocating tests. The triboprobe is similar to the one which is described in 
the chapter 2 along with a hinge based force sensor to measure the normal force. The 
generation and interaction of the wear debris at the sliding interface were observed at high 
resolutions.  The worn particles interact in a complex way by agglomeration and dissociation 
during the repeated deformation cycle they were subjected to. As the surfaces rubbed against 
each other, the dissipated energy appears as heat. This thermal energy produced subsequently 
diffuses in to the bulk of the contacting bodies. If the heat is appreciable and if it is not 
removed from the system, it can change the physical and mechanical properties of sliding 
system. It has been observed that more number of reciprocations resulted in the frictional 
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heating leading to the diffusion of gallium from the wear debris forming liquid at the 
interface. 
5.2. Interaction of wear particles 
5.2.1. Experimental details 
 The schematic of the TEM triboprobe-II is shown in Figure 5.1a. It consists of coarse and 
fine positioning mechanisms along with a force sensor. The normal load exerted on the 
sample can be estimated during the experiment as discussed in the Section 3.3.3. A 
conducting Diamond probe is mounted on the force sensor. Diamond is used to probe the 
sample in this study since diamond is much harder than the sample, probe tip will not deform 
at higher loads (contact pressure) and it doesn’t wear out easily. So, it was feasible to carry 
out wear experiments in different wear regimes and also for a wide range of normal loads. The 
diamond probe was doped with boron to avoid the charging effects in TEM. Experimental 
configuration of the probe and the sample is shown in Figure 5.1b. The diamond probe is 
brought into contact in x-direction and then reciprocated in y-direction edge on to the electron 
transparent region of the sample. Electron beam coming from the z-direction is used to 
observe and image the interface using CCD camera inside TEM. 
 In the present study hyper eutectic Aluminium silicon alloy (Main constituents by weight 
% Si 13.2, Cu 2.3, Fe 0.13, Mn 0.32 and Al Remainder) was used. In this alloy silicon 
precipitates are found to be predominantly distributed in aluminium matrix and also two inter 
metallic phases Al15(Fe,Mn)3 Si2 and Al2Cu are formed during solidification [69]. A sample of 
dimension 3X4mm with 1 mm thickness is obtained from the cast sample using low speed 
saw. Further thinning of the sample is carried out by mechanical polishing by fixing it on a 
glass substrate using crystal bond wax. The surface to be indented is polished to mirror finish 
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by using 0.5 micron diamond grit. The thickness of the sample is reduced to 50microns by 
precise mechanical polishing as shown in Figure 5.2a. The sample is removed from the glass 
substrate, cleaned with isopropyl alcohol and the further thinned using focused ion beam 
(FIB) microscope. 
   a         b  
Figure 5.1: a) Schematic of the experimental set up. b) Configuration of tip and sample with 
respect to electron beam 
 An electron transparent region (5X5X0.2 micron) was prepared using FIB [26]. The 
mechanically polished sample is mounted vertically on to the stub using a clamp as shown in 
Figure 5.2b. Care was taken during mounting to maintain the perpendicularity. All the milling 
operations done using FIB (FEI Strada 201 at IISc) operated at 30kV by progressively 
decreasing the current from 11.5nA to 2.7nA (Figure 5.2a). The final polishing operation is 
done with 1nA of current. To avoid the effect of beam broadening, +2 degrees of tilt is 
introduced between the sample and the beam in XZ plane during milling (Figure 5.2a). This 
helps to achieve uniform thickness of the electron transparent region. The material 
surrounding the electron transparent region is given a gradual slope such that it is easy to 
locate the region in Transmission Electron Microscope (TEM). Tilted view of the electron 
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transparent sample is shown in the micrograph (Figure 5.2c) showing Si particles in the 
matrix. 
a     b     c  
Figure 5.2: a) configuration of mechanically polished sample b) Schematic of the sample 
loaded in the FIB for machining showing the inclination c) Micrograph obtained after milling 
using FIB (~45 degrees tilted view) 
  The sample is loaded to the triboprobe as shown in the experimental configuration 
[Figure 5.1a].The diamond probe is brought into contact and moved into the sample with the 
tube piezoceramic.  All the experiments reported here are carried out repeatedly over the same 
specimen area and each experiment lasted 50 cycles of reciprocation. The tip is moved out of 
contact from the sample to observe the possible deformation of the edges of the tip and the 
sample after 50 and 100 cycles. During reciprocation, wear particles get generated, and to 
observe the interaction of the wear particles with the sliding surfaces, wear debris are 
observed at higher magnification after 150 cycles. 
 The most difficult part is to coincide the focal plane, sample plane and the reciprocation 
plane. The indentation axis should match with the sample axis and the reciprocation plane 
should match with the sample plane. The difficulty comes here, since the sample is very thin 
(~200nm), the probe should be always in focus throughout its reciprocating cycle. This 
requires high stiffness for the drive and minimum drift. 
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5.2.2. Low load experiments 
 The displacement of the tip in the video is tracked using a tracking algorithm. The 
displacement normal to the sample (x-direction) is plotted against time (h-t) in the Figure 5.3 
for two different normal loading. It is observed that the displacement of the tip is in 
accordance with the applied signal till it comes into contact with the sample. After the contact 
the slope of the curve changes since the free movement of the tip is restricted by the sample. 
When the signal is stopped, one more slope change is observed in the h-t plot.  The normal 
loads were estimated at the beginning of 1stand 51st cycles from three h-t plots and are found 
to be 50, 130µN respectively. 
  
Figure 5.3: Displacement Vs time plot for two different normal loading conditions 
 Calibration of the movement of the probe is carried out by reciprocating away from the 
sample by applying the same voltage parameters to all the 4 quadrants of tube piezoceramic 
and the movement has been recorded. The free lateral (sl) and normal (sn) displacements are 
tracked using tracking algorithm. The displacements of the probe tip, sl and sn, are plotted 
against time (s-t). Then sl is fitted with the sinusoidal expression having a period of ~2s 
(Figure 5.4a). From the normal displacement sn-t plot (Figure 5.4b) it is observed that the 
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displacement of the probe in x-axis within 10nm throughout the reciprocation cycle.  So, one 
can conclude that the probe moves parallel to y-axis, i.e, parallel to the edge of the sample. 
a   b  
Figure 5.4: Free displacement of the tip during calibration along a) y-direction b) x-direction 
 Figure 5.5a shows the position of the probe tip and the sample before the start of the 
experiment. Silicon particles in the cast sample are observed as dark features in the image. 
The probe tip is brought into contact with the sample; the normal load exerted by the tip on 
the sample is estimated to be 50µN; then the probe is reciprocated for 50 cycles (Video 5.1). 
Loading of the sample induces strain in the sample, changes the local orientation and thus 
results in the change in the contrast of the sample Figure 5.5b. Due to the change in the local 
orientation with respect to electron beam, the beam moves into Bragg diffracting condition 
and more electrons get diffracted outside the microscope’s back focal aperture, giving raise to 
dark bands in the image plane. These bands generated due to the change in local orientation 
called as “bend contours”. Figure 5.5c shows the bend contour formed in the sample beneath 
the diamond probe. It is observed that during reciprocation the contours were moving with the 
tip movement Figure 5.5c-d. When the direction movement of the probe gets reversed the 
bend contours start moving in the reverse direction Figure 5.5e-h. It is observed that the bend 
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contours which are formed during the reciprocation do not cross the silicon particle present in 
the sample (matrix). Silicon particle acts as obstacle for the bend contour and movement of 
the bend contours gets pinned by the particle. Higher elastic modulus of the silicon, (~400GPa 
compared to that of Al~70GPA) means that the sample is stiffer closer to the silicon particle 
and hence the out of plane strain would be very less near the particle.  
a   b  c   d  
e   f   g   h  
Figure 5.5: a) Probe and sample before contact, b) probe in contact with the sample, c) 
reciprocation begins results in the generation of bend contour, d) the bend contour moves in 
the direction of probe displacement, e-h) the probe is moved in the reverse direction results in 
the reversal of the direction of movement of bend contour 
a  b  c  
Figure 5.6: Configuration of tip a) before and b) after 50 cycles. Tip and sample profiles are 
compared in figure (c) Material transferred from the sample to tip is outlined in yellow colour 
 Figure 5.6a&b show the tip and the sample before and after 50 cycles. During 
reciprocation, only bend contours were moving and no wear debris were produced. It is 
observed that only transfer of material has taken place between the tip and the sample during 
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unloading. In other words the removal of the material from the contact which might have 
taken place is less than the resolution limit of the microscope at this magnification (3000X). 
At smaller normal loads for cycles 1-50 (50µN), only the bend contours were moving with the 
probe movement and without any appreciable material removal. This implies that the strain 
developed in the sample is reversible and it gets recovered as the tip undergoes reciprocation 
in reverse direction.  
 We could not find any appreciable subsurface deformation at the end of the experiment 
(Figure 5.6c). The contact pressure for 50µN load is estimated to be 550 MPa and comparing 
this with the nanohardness of this alloy of ~2 GPa, we expect the contact is predominantly 
elastic. Small rearrangement of the tip edge does suggest that the loose materials like 
amorphous carbon could have been transferred between the tip and specimen.    
a   b  
Figure 5.7: Edge profile of the sample showing accumulated material with number of sliding 
passes during 51to100 cycles. The material transferred from the tip to sample is outlined in 
yellow colour b) Relaxation of the normal load during sliding 
 The probe is brought into contact again and the normal load exerted on the sample is 
130µN, resulting in a contact pressure estimated to be 950MPa, probe is reciprocated for 50 
cycles (n=51-100cycles). During the forward motion of the tip (51st cycle), material transfer 
from the tip to the sample takes place (outlined in yellow colour in Figure 5.7a), initially thin 
slivers of the specimen get removed during every lateral stroke. The removed material starts 
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accumulating at both ends of the stroke (Figure 5.7a). From the Figure 5.7a it is observed that 
most of the material get removed during the initial 50-60 cycles itself. This implies the rate of 
removal of material is higher during the initial reciprocations and then it reaches a steady 
state.  As the material wears out, the tip moves further into the sample, resulting in a small 
relaxation of the load (Figure 5.7b). 
 Figure 5.8a and b show the bend contours formed during 1st and 51st cycles respectively. It 
is observed that during the 51st cycle the bend contours are formed much deeper inside the 
sample (loading direction-x) compared to that of the 1st cycle. Silicon particles present in the 
matrix act as pinning points for the movement of the bend contours. From the Figure 5.8b, it 
can be seen that the bend contours get bowed in between two Si particles. 
   a    b   
Figure 5.8: a & b Bend contours buckling between Si particles 
 The material removal during 51st-100th cycles appears to be mainly due to abrasive wear 
and no changes are observed in the sub-surface microstructure on unloading. So during 51st to 
100th cycles, when the normal load is increased to 130µN, wear debris get generated; 
reciprocation leads to the sweeping of the wear particle to the ends of the track. Figure 5.9 
shows the material transfer taken place between the probe and the sample after unloading.  
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The adhesive effect between the probe tip and sample is responsible for the material transfer 
between the probe tip and the sample. 
 
Figure 5.9: Comparison of initial and final tip and sample profile before and after 2nd set of 
reciprocation (51-100 cycles) 
5.2.3. Formation of rounded particle 
 After 100 cycles, the tip is moved deeper into the sample (Figure 5.10) and the normal 
load is estimated to be 300µN. During the first reciprocating cycle at this load, a small portion 
of the sample gets delaminated; the normal load gets relaxed and the tip relaxes below the 
sample. The contact is not completely normal; a portion of the tip is in side-contact as well. 
The removed portion remains attached to the side of the diamond probe and seem to play no 
further part in the interface dynamics (Figure 5.11). 
 
Figure 5.10: Displacement Vs time plot during normal loading condition after 100 cycles 
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a      b    c  
Figure 5.11 Chunk removal and Relaxation of the tip (a-c). 
 
Figure 5.12: Formation of the nanoscale wear particle. 
 Material removal in thin slivers as in the previous experiment continues initially for 5 
cycles (Video 5.2). In cycle number 105, the wear debris accumulated at the ends of the stroke 
get pulled into the contact by the tip on its way back from the ends (Figure 5.12a & b).  This 
debris then undergo complex deformation processes. The trapped wear particles play 
important role in further modifying the mechanism by which the material is removed further.  
For example, the particle attached to the tip scoops out a chunk of the material from the 
sample (Figure 5.12c) in the cycle number 109. The trapped particles join together to form 
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larger wear particle (Figure 5.12d). More or less parallel surfaces get generated at the 
periphery of the contact by filling up of the cavities on the surface. The entrapped particle 
undergoes further deformation during reciprocation in between the parallel surfaces. 
5.2.4. Interaction of the particles with the sliding interface 
 To study the effect of the trapped wear particle on the oscillation amplitude, the tip profile 
at left hand side (LHS) of the stroke, is drawn manually for different cycles (n=101, 110,120) 
(Figure 5.13).  From the profiles it evident that the stroke length increases with increasing 
sliding passes.  
 
Figure 5.13: Comparison of tip position at the end of 101, 110,120 cycles at (LHS) 
 To study this rolling mechanism in detail, further reciprocation was carried out at higher 
magnification by looking at only the left hand end of the stroke.  Figure 5.14a-i shows the 
magnified view of the particle interaction with the surface during a single cycle (n= 152). For 
clarity the particle is outlined with red line and a distinguishable point is marked (point A). 
This particle rolls on the specimen in counter clockwise direction when the probe tip is 
moving from right to left and vice versa. Up to 40 degrees of rolling could be observed before 
the particle gets shadowed by the tip.  After the Figure 5.14c the particle is not visible since 
the screen is shadowed by the tip. During retraction (probe moving from left to right), the 
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particle is outlined with blue line. With respect to point ‘A’, rotation is measured and found to 
be 20 degrees in every 0.04sec (Figure 5.14d-f) in clockwise direction. 
 
Figure 5.14: Interaction of the nanoscale wear particle with the sliding surface 
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 After 161cycles the particle gets stuck to the sample and the rolling action stops (Figure 
5.14g). The particle, attached to the tip and the sample, undergoes rotational/twisting motion 
(Figure 5.14g-h). Further movement of the tip towards the right causes the stretching of the 
particle (Figure 5.14h).  When the tip moves from right to left in the next cycle, the elongated 
particle gets rolled up to form rounded particles (Figure 5.14i-j). After 10 cycles, in cycle 
number 171 a dark spherical cap is observed at the end of the wear particle (Figure 5.14k). In 
the next cycle this spherical cap breaks down and the particle gets detached from the tip 
(Figure 5.14l). 
 During reciprocating cycles from 151 to 170 the entrapped particle undergoes further 
deformation like rolling- rotation-elongation-rolling up repeatedly. At some point the particle 
gets detached from the tip, it pushes the other particles from the track. More or less parallel 
surfaces get generated by filling up of the cavities on the surface as shown in schematic 
Figure 5.15. The deformation of the particle results in the huge plastic deformation within the 
wear particle.  
 
Figure 5.15: rolling up of the debris to form rounded particle 
 As the reciprocating cycles continue, the particle gets swept from the track after 180 
cycles. New particles get generated during rubbing. The interaction of the smaller particles is 
observed in cycle number 246, shown in Figure 4 a-c (Video 5.3). Particles 1-6 can be 
observed independently in Figure 5.16. When the tip moves from right to left, particles 1 and 
2 (Figure 5.16a) join in together (Figure 5.16b); and then in turn fuse with particle 3 (Figure 
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5.16c). Particles 5 and 6 are not observed in Figure 5.16c probably due to the shadow of the 
probe. The joining of the smaller wear debris results in the agglomerated particle ‘A’. The 
particle A, smaller particles 5&6 are observed when tip moved to the right hand side in cycle 
number 247 (Figure 5.16d). 
 
Figure 5.16: Agglomeration and dissociation 
 For the next 20 cycles this particle keeps rolling, rotating and deforming in a way similar 
to the polycrystalline particle shown in Figure 5.15. At some point the rolling action stops and 
one end of the particle gets adhered to the sample surface (Figure 5.16e). This results in the 
rotation/twisting of the particle and the particle gets pulled. In Figure 5.16f, one observes 
contrast from two distinct particles corresponding to the particle ‘a’ and ‘b’ in cycle 267. In 
the next cycle, particle undergoes rolling, during right to left motion in cycle 268, the portion 
‘b’ of the agglomerated particle ‘A’ gets stuck to the sample surface and the portion ‘a’ gets 
pulled out and separated (Figure 5.16g). The smaller particle ‘a’ undergoes rolling (Figure 
5.16h) subsequently. Thus the agglomerated particle gets separated into smaller particles ‘a’ 
and ‘b’ by dissociation. 
5.2.5. Discussion 
 During initial reciprocating cycles most of the wear debris get swept to the ends of the 
track but few of the debris get entrapped in between the sliding surfaces. The trapped particles 
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join together to form a larger particle. The formation of micron sized [97]-[100] 
spherical/cylindrical particles has been reported in literature and mechanism of their formation 
has been postulated from those postmortem studies. Spherical particles could be formed either 
by rolling up of the flat wear particle [97] or by melting and subsequent solidification [99]. 
The in situ optical technique has demonstrated joining of the small particles to form larger 
particle in micron scale [101]. The current observation gives the real time evidence of the one 
of the mechanisms of formation of wear particle at nanoscale. It is observed that the rounded 
nanoscale wear debris formed by the rolling up of the flat wear particle in Al-Si alloy during 
reciprocating wear test. The local mechanical (roughness) and chemical inhomogenties of the 
surfaces must play important role in trapping the particle.  
a       b  
Figure 5.17: a) Schematic of the model. b) Amplitude of oscillation with and without contact 
 To study the effect of the trapped wear particle on the oscillation amplitude, the movement 
of the tip is tracked for all 150 cycles and the amplitude of oscillation is determined. The 
actual oscillation amplitude (S) exhibited by the contact is smaller than the imposed (So). The 
experimental contact configuration can be modeled as a drive spring mass system as shown in 
Figure 5.17a. The spring stiffness k represents the flexibility in the tip, N is the normal load 
exerted by the tip on the sample, So is the oscillation amplitude applied by the tube 
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piezoceramic and S is the resultant oscillation amplitude of the probe in contact. During 
reciprocation, wear debris get generated and the oscillation amplitude of the tip depends upon 
the interaction taking place between the tip and the sample. Figure 5.17b shows the variation 
of the oscillation amplitude for the cycles51 and 52. So and S are represented in this Figure 
5.17a. The tip has to overcome the friction at the contact before it can start moving and 
difference in these amplitudes gives a measure of the friction. This behaviour is similar to that 
of the base excited spring mass system (Figure 5.17a.) with columbic friction [102]. 
a  
b  
Figure 5.18: a) Variation of amplitude of oscillation and b) wear depth variation with 
reciprocating cycles 
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 The actual motion of the pin in contact is measured from the recorded videos by tracking 
the motion using image correlation [26].  The actual amplitude of the reciprocating tip (S) in 
presence of friction between the pin and the sample will be less than the free amplitude (S0). 
The free amplitude is obtained by measuring the reciprocating motion of the pin when it is not 
in contact with the sample. The ratio of the amplitude (S) while in contact to the free 
amplitude (S0) is influenced by the friction between the pin and the sample for this base 
excited system [Figure]. Assuming negligible viscous damping, the friction force between the 
pin and the sample for this base excited system can be obtained as [102], 
  (1- ) - - - - - - - - - - - - - - - (5.1)0
0
SF kS
S
=  
Where k is the effective stiffness with which the sample and the tip are held against each 
other. It can be seen from the equation that the friction decreases with increase in the 
amplitude ratio S/So. 
Figure 5.18a shows the variation of S/S0 for three sets of consecutive experiments carried 
out. The frictional force was found to be more or less constant for the smaller (50µN) load. 
The wear can be dynamically quantified by the wear depth obtained by tracking the edge of 
the specimen at a particular location (between A1 and A2 along x-direction) and is plotted in 
Figure 5.18b. The wear is found to be less than the measurable limits at the magnification of 
3000x with which the current observations were recorded. When the normal load is increased 
to 130µN (51-100 cycles), the friction force exerted on the tip remains more or less constant 
throughout 50 cycles as shown in Figure 5.18a. The wear depth increases in the first 10 cycles 
corresponding to the initial removal of thin slivers of material and flattens out for rest of the 
cycles Figure 5.18b.  
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 When the contact load is further increased to 300µN, for the cycles 100-150 change in 
behaviour is observed.  The friction and the wear depth, which have been remaining more or 
less at a constant value in previous experiments, start varying as the experiment progresses 
(Figure 5.18a). The friction force is higher at the initial cycles reduced as the once the particle 
got formed in between the sliding interface.  The wear depth increases drastically at the initial 
cycles; once the particle is formed the wear depth remains constant. Thus the particle which is 
formed might be the reason for increase in the amplitude of oscillation and also it in turn 
minimises the wear once it starts rolling. 
 Lower loads and lower amplitude of reciprocation are associated with lower wear rate. At 
smaller normal loads for cycles 1-50, only the bend contours in the sample are observed with 
the tip movement and there is no material removal is observed. This implies that the strain 
developed in the sample is elastic and it gets recovered as the tip reciprocates in other 
direction. The contact pressure estimated for the 1-50 cycles is 300Mpa. When we compare 
the contact pressure with the nanohardness (2GPa) of the sample material, the contact 
condition is purely elastic in nature for the first 50 cycles; this could be reason for minimal 
wear during these cycles. 
When the normal load is increased (51-100), the contact pressure is estimated to be 
increased to 950MPa. This contact pressure was sufficient to cause subsurface. Ploughing 
mechanism may be attributed for the material removal during the reciprocation. Friction force 
which was remaining almost constant at lower loads is reduced during these reciprocations. 
The debris generated during reciprocation get swept to the ends of the track and do not play 
any further role in wear/ friction process.  
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In case of 101-150 cycles, the contact pressure estimated at the start of the reciprocation 
motion (101cycle) is 1.7 GPa which is comparable to the measured nanohardness. The 
increased contact pressure results in the delamination of the material and during reciprocation 
wear depth increased significantly. At this higher load it can be seen from the Figure 5.12 
most of the debris gets pushed out of the track, few get entrapped between the surfaces. The 
entrapped particle scoops out the material which results in the increase in the wear of material. 
At this stage the friction force is found to be more during initial reciprocations than that of 
without trapped particle. Once the particle trapped between the surfaces undergoes rolling the 
reduction in friction force is observed. The friction and the wear depth reached to a steady 
state once the particle formed in between the sliding interface started rolling. 
  The interaction of the wear particle provides insight towards into the friction process. 
Since rolling friction is much less than the sliding friction, the rolling action of the trapped 
nanoparticles (wear debris) could reduce the friction and hence the amplitude of oscillation 
gets increased after the formation of the particle in between the surfaces for 300µN case. It is 
also to be noted that the only partial load is carried by the particles and the main load is 
carried by the central part of the tip which is always in contact. If the complete load was 
carried by the particle and pure rolling is going to takes place at the interface then at least an 
order of magnitude of reduction in friction should have been observed. A small reduction in 
friction and hence increase in the amplitude of oscillation could be attributed to the partial 
rolling and load baring capacity of the nanoparticle. This could be the reason for observing the 
increase in the oscillation amplitude only by 100nm. 
In support of above argument, in friction literature reduction in friction has been observed 
when the nanoparticles were added to the lubricants [103]-[105]or when they are present in 
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between the sliding surfaces[106], [107], and also in nano-composites[107][108]. The 
proposed mechanism in these studies is the rolling action of the nanoparticles at the interface 
during the experiments. Also one has to consider that the nanoparticles present between the 
surfaces can effectively reduce adhesion between the surfaces and the contact condition 
changes from 2 body dynamics to 3 body dynamics. Real time observations are lagging in 
these studies, our experiment gives an evidence for rolling nanoparicle at the interface which 
resulted in the reduction in friction. Figure 5.18b shows this amplitude ratio increasing with 
the number of cycles indicating that the friction is decreasing to a constant value as the 
interfacial particles start rolling (n=113). 
 In general friction is an average manifestation of many individual microscopic 
interactions. Depending on the system, the dominant mechanisms and the scale of these 
interactions will vary. For example, in metallic contacts, adhesion and plasticity have been 
used to explain the friction phenomena [13], [80]. The asperity level individual interaction 
will depend on the local geometry and the material behavior. The friction depends on the 
mechanism which is taking place at the interface. The scale of the asperity will also determine 
the mechanism of the energy dissipation of friction. It has been observed by other groups the 
wear debris can also reduce friction [109]. If the third bodies generated during the wear 
process acts as abrasive then the friction force increases resulting in the increase in coefficient 
of friction. If the third bodies at the interface act as rollers the friction force decreases. This 
has been observed in steel-glass systems [110]. Also intentional addition of soft third bodies 
(Al) to the interface of Cu-Cu contact has shown significant decrease in friction [15]. Our 
observations imply that soft (deformable) nanoparticle (wear particle) at the interface, which 
can undergo rolling, may help to reduce the frictional force between the contacting bodies. 
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5.3. Frictional heating 
5.3.1. Frictional heating results in liquid droplets 
 Friction arises at sliding contacts as mechanical energy is dissipated in many forms. 
Energy lost in friction is observed in the form of structural changes at the contacting surfaces 
and also in the form heat [7] [91]. Figure shows the schematic representation of the wear 
particles formed during sliding, undergoes further interaction with the sliding surfaces. The 
heat generated during dry sliding will be taken away by conduction through the contacting 
bodies and also will be lost in the form of radiation as represented in Figure 5.19. If the 
energy dissipation appreciable, it can increase the interface temperature. The generated heat 
can change the physical and mechanical properties of sliding system.  Generally the heat get 
dissipated quickly and for this reason it is difficult to understand the effects of time dependant 
localised heating at a sliding contact with traditional analysis methods, particularly at the 
nanoscale. 
 
Figure 5.19: Schematic showing the heat transfer path 
 In the present study, a diamond probe is brought into contact with the specimen on a 
different location (Figure 5.20) [111]. A precise reciprocating sinusoidal lateral movement of 
930 nm stroke length at 0.5 Hz is applied parallel to the specimen surface (y-direction in 
Figure 5.20). After only a few reciprocations, localised fracture of the Al-alloy surface occurs, 
and debris particles and a wear scar become evident. These first debris particles formed during 
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the initial scar formation incorporate the implanted Ga layer from the FIB processing. Once 
the particle formed, further reciprocations are continued by maintaining contact between the 
particle and the diamond probe tip as shown in Schematic Figure 5.19. Continued abrasion by 
the diamond probe has the effect of dynamically changing the morphology of the debris 
particles. The debris particles interact with the fracture surface, the probe and each other, 
deforming and rotating with the moving surfaces similar to previous observations discussed in 
the section 5.2.4.  
 
Figure 5.20: Initial sliding experiments 
 
 a b  
Figure 5.21: a) formation of liquid droplets. b) Interaction of the liquid droplet with the sliding 
surfaces and the wear particle 
The increased number of reciprocations led to the formation of liquid like structure at the 
sliding interface after 400 cycles as shown in Figure 5.21. The liquid droplets were initially 
observed located preferentially at Al substrate-debris particle contacts, wetting the junctions 
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with concave menisci (Figure 5.21a). Liquid was getting displaced with the wear particle 
during reciprocation. Liquid bridges were observed to form regularly, primarily between the 
moving diamond probe and aluminium substrate as shown in Figure 5.21b. 
 
Figure 5.22: EDX pattern from the liquid droplet and the from the interior of the sample are 
compared. The difference in the intensity is plotted in red colour showing the Gallium peak 
 It is important to know the composition of the liquid which is formed, so elemental 
analysis has been carried out using EDX. The EDX is obtained from the region far away from 
the interface and the wear particle along with the molten cap. In Figure 5.22 black line shows 
the intensity obtained far away from the contact region and the red line corresponds to the 
wear particle. There was a clear indication of presence of the Gallium in the wear particle by 
the peak at 9keV. When the difference in the signal intensity is plotted it is clear that the wear 
particle was richer in Gallium. The main reason for the presence of Gallium in samples is the 
sample preparation technique. FIB was used to prepare the electron transparent samples. The 
milling was carried out by progressively decreasing g current from 11.5nA to 1nA at 30kV. At 
this energy the Gallium ions get impregnated into aluminum matrix roughly to a depth of 
40nm [112], [113]. 
 With multiple rubbing cycles, complex solid-liquid interactions between the liquid 
gallium, aluminium substrate and debris particles take place (Video 5.4). Diamond probe 
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spread the gallium right across the contact zone. Analysis of long sequences of TEM video 
frames enables the relative motion of the liquid gallium with respect to the interfacial particles 
to be determined. 
  
Figure 5.23: Lateral sliding leading to liquid gallium droplet formation 
Figure 5.23 illustrates the complex interaction of a liquid gallium nanodroplet with the 
diamond probe and two aluminium debris particles. At the beginning of the stroke, (Figure 
5.23a) the liquid droplet is observed on the trailing edge of the particle/diamond contact. 
During the lateral motion (along the y-direction), the droplet moves with the probe and moves 
faster than the nanoparticles which are made to rotate. Due to the differential motion of the 
liquid (faster) and the nanoparticles (slower) the liquid gallium moves to the leading edge of 
the diamond-particle nanocontact, (Figure 5.23b) and at the end of the stroke the droplet is 
pulled into a liquid nanobridge between the diamond probe and nanoparticle B which is 
dragged behind (Figure 5.23c). At the same point in the following cycle the extension of the 
liquid bridge was too great, and the nanobridge divided into two discrete droplets with convex 
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menisci (Figure 5.23d). The high mobility of these liquid nanodroplets was observed during 
more than 120 applied lateral cycles (~2 min),  with a nanobridge existing unbroken for 27 
cycles.   
a  b  c  
d  e   f  
Figure 5.24: liquid droplet undergoing squeezing when it is pressed by the contacting bodies 
 The process continues and an agglomerated particle forms on the surface after 550 cycles. 
The agglomerated particle with molten cap gets stuck to the surface due to the surface 
roughness. When the tip touches the molten cap in the next cycle, the liquid gets squeezed in 
between the wear particle and the tip (Figure 5.24b-c). When the tip moves from left to right 
the liquid again gets separated into two individual droplets (Figure 5.24d-f) and this cycle 
repeats for 20 reciprocations. 
5.3.2. Liquid bridge pulling experiment 
 The dynamic interaction of the gallium liquid droplets like coalescence and division is 
further investigated. Liquid material in TEM gives us as opportunity to study the small 
volume of the liquid. The pulling up of the liquid bridge resembles macroscopic extensional 
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viscometer experiments. In the macroscopic extensional viscometer the test liquid is being 
pulled between two plates and force displacement is measured along with observing the 
evolution of the meniscus shape.  
  In the present set of experiments the cyclic lateral movement of the diamond probe is 
stopped once the liquid is formed and probe is brought into contact with the liquid drop and 
moved in tensile axis (-x-direction) as shown in Figure 5.25. During pulling the gallium liquid 
bridge, which is formed in between the wear particle and the diamond probe tip, undergoes 
elongation leading to the necking of the bridge and finally gets separated in to two convex 
shaped droplets as shown in Figure 5.25a-c.  
a   b   c  
Figure 5.25: Liquid bridge pulling experiment 
 To study the interaction between the droplets in detail the liquid bridge pulling 
experiments were carried out at high resolution. Figure 5.26 shows 4 cycles of the bridge 
formation and break up for the same contacting liquid droplets at higher magnification. It 
should be noted that the droplet undergoes slow cooling since there is no additional frictional 
heat supplied during the pulling cycles. The two nanodroplets pushed together allowing the 
nanobridge to form. The distance at which the bridge gets formed referred as ‘distance at 
jump’. When the tip is moved in tensile direction the bridge gets pulled, profile changes, at 
some point the bridge breaks up in to two individual droplets. The separation at which the 
break up happens (distance at break up) and the minimum diameter of the bridge before break 
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up are listed in the Table 5.1.  It can be seen that liquid bridges are asymmetric, with 
difference in meniscus shapes on either side of the bridge. This is because the droplets are 
sitting on locally rough nonparallel surfaces.  
 
Figure 5.26: Coalescence and breaking up of liquid droplets at 4 different pulling cycles 
 The change in the shape of the meniscus during tensile pulling is obtained by extracting 
the edge profile of the droplet using MATLAB. Figure 5.27a&b show the edge profiles of the 
liquid bridge for two different pulling cycles 1&2.  The bridge profile changes with time 
during pulling. It can be seen from the profile that the necking of the bridge takes place and at 
some point the bridge gets separated into two spherical caps. 
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Figure 5.27: Edge profile for tensile pulling cycles 1 & 2 
 The minimum bridge diameter and the substrate separation just before the breakup of the 
liquid bridge are obtained from the edge profile and are listed in the table 5.1. From the table 
we can clearly observe that with the increasing cycle number, the substrate separation distance 
before break-up increases, and minimum bridge diameter decreases. This could be due to 
increase in viscosity of the liquid. The viscosity of the liquid increases since the liquid gets 
cooled during these pulling cycles and there is no frictional heating during the course. 
Table 5.1 Bridge diameter and substrate separation 
Experiment  
number 
Time elapsed (s) Distance at break up 
lb (nm) 
Minimum bridge diameter 
d (nm) 
1 13.60 63 36 
2 28.60 66 33 
3 66.40 70 28 
4 104.40 75 22 
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Figure 5.28: A nanofilament formed during tensile pulling Cycle no4 
 Considering the division process, in cycles1-3, the liquid bridge divides into two opposing 
nano-droplets within a single frame (0.04sec). In the cycle 4, a new phenomenon was 
observed. In the first part the majority of the liquid gallium bridge divided into two opposing 
droplets (Figure 5.28a, b) and the new droplets remained connected by a nanoscale filament. 
This filament causes local curvature of the new nanodroplets menisci towards the filament 
(Figure 5.28c). Figure 5.29 shows the edge profile in the pulling cycle number 4, the bump 
created on the meniscus is clearly observable in the edge profile.  
 
Figure 5.29: Edge profile cycle no 4 
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 The nanofilament is under significant tension since the tip actively pulls the nanobridge 
apart. This tension results in the division of the filament and bump gets slowly relaxed to the 
spherical shape (Figure 5.28c&d), this can also be seen in the edge profile (Figure 5.29). 
 When the droplets were brought in contact in the 5th cycle, no coalescence of the droplets 
was observed (Figure 5.30). Only apexes of the droplets merge together but the shape of the 
meniscus away from the contact region remains intact. The shape of the droplet in most of the 
region doesn’t change probably due to the solidification of the droplet with time which results 
in the formation of the bridge only between the apexes of the droplets. During pulling the 
bridge gets formed only on the apex of the spherical cap and the shape of the major part of the 
spherical cap doesn’t change. Only on a small region where the bridge gets formed the 
spherical cap changes its shape and the rest of the region the profile of the spherical cap 
remains unaltered (Figure 5.30). This suggests that the spherical cap has been cooled, the most 
of the region has become solidified (no change in the cap shape) and only small portion is in 
the molten state where the bridge gets formed. Since spherical cap got cooled when the bridge 
gets broken the broken portion (tip side) doesn’t relaxe with the spherical cap.  
  
Figure 5.30: a-d Droplet interaction during pulling cycle 5 
 When the spherical caps were brought into contact for the 6th cycle both the spherical caps 
retained their spherical shape, and no coalescence was observed (Figure 5.31a). This confirms 
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that the droplets got solidified completely. To liquefy the spherical cap further frictional 
heating was necessary. Further reciprocation of 100 cycles was carried out and the spherical 
cap attached to the sample gets liquefied. The contact happens now at a different location on 
the tip (next to the previous spherical cap on the tip side) (Figure 5.31b). During pulling the 
liquid bridge forms inverted funnel shape (Figure 5.31c) and further pulling results in the 
breaking of the bridge (Figure 5.31d). Small portion of the liquid get transferred to the tip 
whereas most of the liquid gets attached to the sample (original droplet) (Figure 5.31d). Only 
small portion of the original droplet was liquefied due to the frictional heating and the area of 
contact of the liquid with the tip is much smaller than that to the sample (original liquid 
droplet). It can be seen that during unloading the shape of the meniscus changes at the center 
and the meniscus remains intact at the periphery. This observation supports the conclusion 
that the spherical cap has liquefied only at the center (apex). 
a   b     
c  d     
Figure 5.31: a) no coalescence, b-d) the events taking place during pulling cycle 6 
 Further 100 more cycles of reciprocations were carried out on the same droplet. After the 
reciprocation the liquid bridge is pulled in tensile direction. The liquid bridge undergoes 
necking and gets separated into two droplets (Figure 5.32). During this tensile cycle the width 
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of the liquid bridge formed is higher than the previous case and also the amount of liquid 
which got attached to the tip is more than that of the last cycle. The increased reciprocations 
resulted in the generation of more heat and most of the portion of the spherical cap would 
have liquefied and also the area of contact with the tip has increased. This results in the 
formation of wider liquid bridge which gets divided into two droplets. 
a   b     c  
Figure 5.32 Different events taking place after 600 reciprocations and pulling (cycle 7) 
 Reciprocating experiments were repeated on a different location of the sample. After 400 
reciprocating cycles liquid like structure was observed in between the contacting surfaces 
(Video 5.5). Once formed, the probe is moved in tensile direction, the still frames are shown 
in Figure 5.33a-d. During pulling thin lamella of the liquid gets pulled between the surfaces 
and necking of the liquid takes place almost at the middle of the lamella (Figure 5.33c). 
Further pulling results in the division of the bridge into conical shaped structures (Figure 
5.33d). These conical structures relax only at the tip of the cone and no relaxation was 
observed at the bottom of the cone. The liquid which exists at the bottom of the bridge might 
have got cooled, and that is why the shape doesn’t change.  
a  b  c  d  
Figure 5.33: Lamella formation (different region) 
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   The tip is brought into contact again and the top portion of the conical structure joins and 
the bridge gets formed as shown in (Figure 5.34a). Then the tip is moved in lateral direction to 
study the behaviour of the bridge for lateral motion with amplitude of oscillation 20 nm 
(Figure 5.34 a-b). After 33 cycles of the lateral motion the bridge gets broken and the contact 
between the tip and the sample is lost (Figure 5.34c-d). Figure 5.34 and b show the position of 
the tip along with the bridge at two extremes of lateral movement and figures c & d are the 
frames from 34th cycle showing the broken bridge. The breaking of the bridge can be 
attributed to the slow migration of the liquid between the two conical caps and also 
subsequent solidification. 
a   b  
c   d  
Figure 5.34 Breaking of the lamella during lateral movement 
a  b  c  d  
Figure 5.35 Frictional heating results in the formation of the bridge again and the different 
events during pulling shown in a-d 
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 Similar to the previous case further frictional heating was necessary to form the bridge 
again. Once the frictional heat was sufficient to liquefy the conical caps the bridge was 
established. During tensile pulling the bridge gets separated into conical caps. The apex of the 
conical cap relaxes slowly on to the cone (Figure 5.35a-d). The pulling cycle can be repeated 
till the conical caps get solidified or increase its viscosity. 
5.3.3. Discussion 
 In the current experiments the direct nanoscale imaging of liquid generated by friction is 
observed. Initial sliding cycles generated the wear debris from the sample. The wear debris 
was made to deform in between sliding surfaces. It needs to be noted that since FIB is used for 
preparing electron transparent region, the Gallium ions get impregnated into the matrix of the 
sample. Keiner et al. [112] studied the interaction volume of the Gallium implanted region on 
different materials at different keV. According to the theoretical calculations, in case of our 
sample the Ga impregnated layer will have a thickness of 40nm [112], [113]. The 
implantation of heavy gallium during machining alters the surface chemistry. So the debris 
will consist of Aluminium and Gallium in it. It is unknown that how gallium implanted 
material interact during sliding. However, it is observed that heating Gallium rich material can 
result sufficient Gallium diffusion to generate discrete droplets [114], [115]. In the present 
observation the wear debris generated were interacting with the sliding surface. Continued 
reciprocations resulted in the formation of liquid at the interface. 
 It is also important to estimate the amount of heat generated during reciprocation to 
understand which material forms liquid at the interface. The heat generated during dry sliding 
will be taken away by conduction by the contacting bodies and also will be lost in the form of 
radiation as represented in Figure 5.19. If the heat energy generated during rubbing does not 
Chapter 5                                                                            Reciprocating Experiments in TEM 
159 
 
get dissipated completely, the interface temperature increases. Since the contact is happening 
between the solids, the mechanism of heat transfer could be only conduction and radiation. 
The energy lost during sliding is equated to sum of conduction and radiation terms of heat 
[116]. 
1 2
Where,
μ  Coefficient of Friction = 0.5
N  Normal load = 300 N
V Sliding velocity = 3.14 m/sec
K & K Thermal conductivities
ΔT Increase in Temperature
a  contac
c
2 4
1 2μNV = 4a(K + K )(ΔT)+σπa (ΔT) - - - - - - - - - - - -(5.2)
µ
µ
→
→
→
→
→
→ t radius =100nm
  
For the present case the radiation term is of the order of 10-9K, So the radiation term is 
neglected and only the thermal conduction mechanism is considered.  So for the contact 
consisting of a circular junction of diameter 2a sliding on a flat surface of another material at 
moderate speed, by assuming the heat generated at the contact is conducted into the two 
adjacent bodies, the average temperature raise is given by the following expression [Ref 5.2] 
1 2
,
ΔT Increase in Temperature
μ  Coefficient of Friction =0.5 (assumed)
N  Normal load  300 N
V Sliding velocity= 3.14 m/sec
a  contact radius =100nm
( ) t
1 2
μNV
ΔT = - - - - - - - - - - - - - - - - - - - - - -(5.3)
4a(K +K )
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µ
µ
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+ → 1 1hermal conductivities=  2320+237 W m  K− −
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  The maximum values were considered for the coefficient friction, normal load and sliding 
velocity. The contact radius is estimated from the still frame. When we substitute these values 
in the above expression we obtain, 
6  1.51 10T K−∆ = ×
 
 This is very small, which will not be sufficient to liquefy gallium during rubbing (Ambient 
temperature was 180C). One has to consider the deformation taking place in the wear debris. 
By assuming that all the work done in deforming the debris is resulting in raising its 
temperature, it can be shown that, 
3
3 1 1
(5.4)
The yield stress ( 0.5Gpa)
Deformation strain (50%)
Density (2700 kg/m )
Specific heat capacity (0.9 10  J kg  K )
p
T
C
Where
C
σε
ρ
σ
ε
ρ
− −
∆ = − − − − − − − − − − − − − − − − − − − −
→
→
→
→ ×
  
 
From the video, it is observed that the debris with liquid gallium is deformed during 
sliding and this would amount to the stain of 50% in the debris. Substituting above values,
 
6
3 3
0.5  10   0.5
2.7  10   0.9  10
0.103  K/cycle
T
T
× ×
∆ =
× × ×
∆ =
 
 This heat generated will be taken away by the aluminium sample and the diamond tip, so 
effectively the temperature raise would be less than 0.1 K/cycle. The wear particle consists of 
both Aluminium and Gallium. Since gallium is a low temperature melting compound (~300C), 
it could liquefy due to the frictional heat generated by the above reciprocating cycles (Room 
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temp during experiment ~ 180C). The micrograph obtained from the video shows the darker 
contrast for the molten cap [Figure 5.14] than that for the wear particle. The increased dark 
contrast could be due to the higher atomic number of gallium (Z=31) compared with the 
aluminium (Z=13). Also one has to consider that the heat generated due to the frictional 
heating in 400 cycles (Ts=40K) in the current sliding speeds would not have sufficient for 
melting Aluminium (Melting point of Al Tm~6000C). 
  The presence of gallium was confirmed by EDX analysis. Since FIB was used for sample 
preparation the gallium gets impregnated into the matrix and also few gallium atoms may get 
stuck on to the top surface. The damage depth in our sample is estimated to be ~30nm. The 
size of the wear debris generated during rubbing was of the order of 100nm suggests that they 
were having high gallium concentration in it. The frictional heat which was generated during 
rubbing was sufficient to diffuse the gallium present in the wear debris. The gallium might 
have slowly migrated from the surface of the wear particles or might have diffused from the 
inside of the wear particle and resulted in forming the liquid bridge. The estimated 
temperature at the interface also confirms that the only gallium could have formed liquid 
during the current reciprocating cycles. 
 The high mobility of the liquid was observed during reciprocation. The interaction 
between the liquid and the wear particle with the sample could completely change the local 
mechanics of the sliding contact. The main interactions could be i) Diamond tip liquid  
sample could increase the adhesion between the tip and the sample, ii) Debris liquid  
sample will increase the adhesion of the particle to the sample and iii) Debris liquid  
Diamond tip will increase the adhesion of the particle to the tip. Such bridges can cause 
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complex movement of the particles by capillary forces, even when the particles have lost the 
direct contact with the diamond tip. 
 When the liquid bridge was pulled in tension the minimum bridge diameter was decreased 
and the separation length got increased with time [table 5.1]. This can probably be attributed 
to the increasing viscosity of the liquid during cooling. A filament like structure gets formed 
in the 4th of pulling cycle which exists for 2 sec.  The tensile load results in the breaking up of 
the filament and the broken material relaxes slowly by solidifying. 
 The solidification was confirmed in 5th and 6th cycles since there was no coalescence of 
the droplets. Further frictional heating was necessary to liquefy the droplet and form the 
bridge. 100 reciprocating cycles were sufficient to liquefy the spherical cap attached to the 
sample at the top and hence during tensile pulling the bridge formed was in inverted funnel 
shape. The base of the spherical cap was intact since the droplet was not completely liquefied. 
Next 100 reciprocations resulted in the further heating of the droplet and the bridge formed 
has larger width and the change in the shape was observed even at the base of the spherical 
cap. 
 The generation of the liquid gallium at the sliding contact, transforms the 3-body system 
to a 4-body system comprising the original probe and substrate, with friction generated wear-
debris and friction generated liquid. The interfacial liquid metal exhibits complex 4-body time 
dependent solid-liquid and liquid –liquid interactions, dynamically altering the physics of the 
nanocontact and leads to the region of melt lubrication. 
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5.4. Conclusions 
 In summary, reciprocation experiments were carried out between a diamond pin and 
Aluminium sample while observing the interface in a high resolution in TEM. Depending on 
the contact pressures, we observed that different mechanism of friction and wear operate. 
Friction remains high at lower pressure and decreasing once the contact becomes plastic. The 
surfaces start wearing out at higher contact pressures generating wear debris by abrasive 
action of the diamond. These nanoparticles get trapped between the rubbing surfaces and 
undergo complex interactions involving agglomeration, rolling, and disassociation. Some of 
the trapped particles roll between the contacting surfaces leading to a considerable decrease in 
the measured friction. 
 The observation of agglomeration and dissociation of nanowear debris helps to understand 
the mechanism of formation of nanoscale wear debris. In the current experiments the joining 
of the smaller wear debris to form larger wear debris is observed. Different shape and size 
nanoparticles are observed in the present study. The size and shape will depend upon the gap 
developed between the interfaces. Also during rubbing the agglomeration or dissociation of 
the particle takes place depending upon the surface chemistry and the mechanical load. Shapes 
can be cylindrical or spherical depending upon the physical and chemical interactions between 
the nanoparticles and the surfaces. The spherical/cylindrical particle can be formed by the 
rolling of the flat wear particle. The particles generated during the test can act like rollers and 
could reduce the friction. The rolling behaviour of the nanoscale wear debris can drastically 
enhance the triboloical properties. 
   Increased reciprocating passes resulted in the increased interface temperature which in 
turn diffused the gallium present in the wear debris. The liquid gallium changed interface 
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dynamics from 3-body solid-solid to 4-body and solid-liquid-solid interactions. The liquid 
gallium, which is formed, gets cooled during tensile pulling of the droplets.  No coalescence 
was seen after few tensile cycles since the droplet gets solidified. Further frictional heating 
was necessary to form the bridge again. Thus the frictional heat generated at the interface 
plays an important role in interface dynamics. 
 Our observations give an insight into the spherical wear particle formation in micron scale 
which is observed during rolling contact fatigue experiments [97]-[100]. Our observations 
show that in nanoscale the spherical or cylindrical particles could be formed by rolling up of 
the flat wear debris. The increase sliding passes results the frictional heating and the 
liquefying the wear debris. The formation of liquid and followed by the subsequent cooling 
can result in the formation of the spherical particles which is having smooth surface finish. 
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Chapter 6 
6. Conclusions 
 
 The main focus of this work was the development of an experimental methodology to 
carry out dynamic nanoscale tribological experiments inside TEM. The triboprobe developed 
has overcome the hidden-interface problem existing in the conventional tribological 
experiments. The triboprobe has a compact inertial slider based positioning drive for coarse 
positioning (<300nm) with large (5mm) range. This helps in a relatively low-voltage 
operation of tube piezoceramic used in fine positioning. Electron transparent sample 
preparation technique for in situ TEM studies and the sharp probe preparation techniques are 
standardised. The higher stiffness (>1800N/m) of the triboprobe is its main advantage, and 
this  helped to perform indentation, sliding  or reciprocating experiments at a wide range of 
normal loads on different samples. 
 From indentation experiments on aluminium alloy tribolayer, it has been observed that 
during loading the deformation builds up at the subsurface by the formation of subgrains. 
Further deformation is accommodated by subgrain rotation, finally cracks generate at the 
interface of the subgrains, which propagates to form a delaminated layer. Indentation 
experiments on protruding silicon particle in Al-Si alloy show that the initial deformation is 
elastic. As the penetration depth is increased, the particle starts indenting the soft aluminum 
matrix, and results in sinking of the particle. The increase in the displacement results in the
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generation of a lateral crack, and on further penetration this crack grows resulting in the 
fracture of the silicon particle. 
 The sliding experiments inside TEM allowed the direct visualization of asperity-level 
interaction during sliding. The nanoscale sliding experiments carried out using an AFM tip as 
the sample, show no wear. When a rigid tungsten tip laterally approaches a silicon asperity 
mounted on a cantilever, adhesive forces between them results in a contact instability, which 
is observed as snap-in and snap-out events. The snap-out distances depend on the local 
geometry of the contact. 
  Reciprocation experiments were carried out using diamond probe on an Al-Si alloy 
sample.  It is observed that, different mechanism of friction and wear operate at different 
contact pressures. Sample surface starts wearing out at higher contact pressures and generates 
wear debris by abrasive action of the diamond probe. These nanoscale wear debris get trapped 
between the rubbing surfaces and undergo complex interactions involving agglomeration, 
rolling, and disassociation. Some of the trapped particles roll between the contacting surfaces 
leading to a considerable increase in the reciprocation amplitude. 
 Repeated deformation of the trapped particles, lead to the formation of tiny liquid drops on 
some of the wear debris. From the EDX analysis it has been confirmed that the liquid consists 
of gallium. The Gallium comes from the sample preparation technique, since FIB uses gallium 
ions for milling operation. Liquid-bridge pulling experiments show that liquid gets cooled 
with time.  A nano-filament is formed between the droplets during pulling. As time passes, the 
droplets get solidified, and hence the coalescence of droplets does not take place. Further 
frictional heating is necessary to form the liquid again.  
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 The technique developed here has important implications for tribological studies in future. 
This study overcomes the hidden-interface problem existing in the conventional studies. This 
technique will provide important information and insight to a range of tribological phenomena 
taking place at the interface, which will be useful for materials development as well as 
modeling wear behavior. This technique enables real-time studies on the formation and 
interaction of the nanoparticles by observing them inside TEM at high resolutions. The 
capability of this technique, allowing the tribological processes to be observed dynamically in 
real time and at high magnifications, make it indispensable tool in fundamental understanding 
tribological interactions.  
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